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DEFINITIONS

Because the terminclogy in the field of meteor
astronomy has sometimes been confusing it seems advisable
to pregent the delinitions of some words and phrases as they
will be used here. X

Both meteor and meteoroid are used to designate the
body producing the metcoric phenomena although, stricily
speaking, a meteor is a phenomenon and a meteoroid is the
body that produces it. This duplication of terms i8 not a
necesasity but it iz customary; habit is cur only ezxcuse for
using both. Meteorold 1Q usually reservad for discussions
of the physical or chemical properties of the material
itself. Mcteor, on the other hand, often indicates our
concern with the kinsmatics of the body. Thus, we refer
to the density of the meteoroid and to the velocity of the
meteor,

& photegraph of a meteor is ealled & trail. The trail
eppear2 on the photographic film as a series of dashes
(exposai portion) and breaks (unexposed portion caused by an
occulting shutterh One shutter cycle is the distence, in
space or time, covered by a dash and & break. A mateor
photographed by two cameras at different stations is &

meteor pair. If photographed by one camera only, the trail

is called a single-station meteor.
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wWhen observing a bright meteor visuvally, cne often
gecs a streak of luminoeity, after the passage of tha meteocr,
which may persist for a matter of seconda. Thiz delayed
luninogity is referred tc as thz meteor train. Fresunmably
it 18 caused by recombinations of meteoric and stmospherie
ions and atoms. If a tiaineproducing meteor were photographed,
the effect of the train would be to £ill in the breaks of
the trail. The same kind of result would be sesn on &
mataoor photograph if small particles wera &Qeached from
the meteorcid. These fragmented particles would decelerate
with respect to the larger body and, eventualldy, iag behind,
The luminosity derived from the ragmonte would, in parxt,
fall in the breaks of the trall preduced by the meteor
itself. We will refer to this phencmznon as the metecr xake.
A part of this thesis will be an attenpt to show that the
above definition serves a8 a reasonmnble interpretation of
most of the intensity in the breaks. It will De convenient
to ascume, for the present, that the procesding expianstion
is correct. The justification will be presented (Chapter IV)
when sufficient data are available.

If the metooroid breaks into meny particles of about
the same size, the slight differential deselerstion may
eventually cause the luminosity to exteni over an
appreciable length of the trail. 1In such & cage the breaks
may be altogether obliterated and we see a phenomenon eallsd
Yblending."! Since this will be observed at the end of the
trall, 1% has been designated as terminal blending.




METEOR NO. 3567
An enlargement (lx) of a meteor trail showing wake and

some temmainal blending.
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CHAPTER I
BACKGROUND

A, Meteor Problens

The varicus aspects of nmeteor astronomy may be
described by a series of questions, not yet answered in
their entirety, that might arise in the mind of any
scientist confronted with the clementary observational
facts, UWhat is the origin of meteors, and their history
in space? What is their physical and chemical structure?
These might be called the astronomical questions. They are
distinct from the physical questions: how do these bodies
interact with the atmosphere, dynamically and physically?
The first two questions are selfeexplanstory and their
answers, in general, will be deseriptive. The last problems
are analytic in nature, and may dbe enlarged upon immediately.

We require that momentum and energy be conserved in
any process as the meteor penetrates the atmosphere and
collides with the alir molecules. The rate of change of
momentum is given by the drag equation:

n g = -[Alv) v, (2)
where

P = stmospheric density,

v = meteor velocity with respect to the
atmosphere,
fv = mass of air penetrated by a unit area of

the meteoroid per second,
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R = effective area of the meteorecid, 1.2., the
frontal area projected on a plane perpendicular
to the meteor's motion,

" = the drag coefficient, a unitiess number
vapresenting, in essence, the elasticity of
sollisions between the alr molecules and the
neteorcld, and

m = maas of the metegoroid,

We may substituts for the effective erea the quantity

where
8y = density of the meteorcid, and
A = a shape factor.

Then from (1) and {(2) 1t follows that

& -- ma’?‘/ 3 a3 pve, (3)

Given a kmowledge of the parameters of this eguation, we have
then solved the dynamical problenm.

With respect to the energy, we can state 8 priori that
the energy per sccond avallable for sll processes 1s:

F = AV, ()

That the collisions are not elastic is obvicus from the
fact that the meteor is observed; that is, some transiational

energy is dissipated in the form of radiation. Energy may be

J’

.
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diasipated through dissociation of meteoric and air molecules,
excitation, ionigation, compression of air, sputtering of
atoms or fragmentation of larger particles from the meteorold
surface, and heating of ﬁhe meteorcid with subsegquent
vaporization. The rate of mass loas of the meteorcoid depends
on the las{ thmee of these processes: sputtering,
fragmentation, and vaporization. The rate at which energy
is supplied to each of these processes will be some fraction,
ﬂ&’ of the total rate, or

dE
= 35y _
i ;/gsf\ﬁﬁ, (5)

where the subsgeript 1 refers to any of the various mags<loss
processes. If @i is the energy required to remove a gram
of material by a particular process, then the mass loss is

given by the equation

dm A )
%aﬁ=-%§ﬁﬂpv3. (6a)

The existing data on sputtering indicates that this
nethod of ablation will be unimportant compared to
vaporigzation, In sny cage, our observations cannot
distingulsh botween the two processes,

The second physical problem relates to the luminosity
of the meteor. From the spectra of meteora we know that
mich of the light occurs in lines arising f{rom electronic

transitions in neteoric atoms. The black body radiation is




-l -
small; as it must be for bodies of this size at their
vaporigation temperature, These facts alone are sufficient
to suggest that the luminosity is dusz to colliisional
excitation of ablated meteor atoms. The important
theoretical problen, attacked by Opik (1933), is the
derivation of the luminosity factor, 7. This Quantity
relates the avalleble energy te the amount of visibvle (or
photographic) light produced by the metecr. We assume that
the radiation is proportionsl to the kinetic energy, with
raspect to the colliding air molecules, of the ablated
meteor atoms, Then, the intensity per second is glven

by the relation
I--37v 4, (72)

The mass 1088, %%, in this equation represents only
that mass lost in such a form that a later collision with an
air molecule will produce light. That is, the material must
ve lost in atomic (Or poEsidbly molecular) form. This type
cf loss includesa sputtering or vaporization but not
fragmentation or melting with consecquent loss of molien
droplets. In these latter cases, the f{ragments or droplets
must themselwves be vaporized before light is produced. The
actual mass loas which 1s measured at any $ime 18, on the
basis of Opik's theory, an atomio particle ioss, We will,
then, rewrite equation (6a) in the form,

i
)
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where the mass loss and the constants/\and % now represent

.“2/3 ma/?/9v5, (6b)

the sum of those processes which ablate material frem the
meteorold in the fom of atoms or molecules, Substituting
this in eguation (7a), we derive the luminosity equation:
I= %-—-—z—-—-—/\u’“ ” w2/ v, (7o)

abik'a seni-classical approach could, in theory, be
improved upon by quantum mechanical methods. Few axperimental
data exist on collisional excitations by neutral atoms of
this energy range (100 e.v.). Consequently, Upik's
results are still in use, although we must consider this
value as only a first approximation to the truth. He found
the luminosity factor to vary as:

n~

T'= T4 ¥ (8)
where 7; = gonstant. Therefore
To 3 am _ 0 Ao,/ 2/3 6
x-.:o-nzvaﬁ,: &g % /O‘Ve (9)

Thus, the physical problems become one of finding values
for ", A,A\, 8y, §, and Tge The atmospheric density, /2, has
been obtained from recent rocket measurements (The Rocket

Panel, 1952) and will not be considered as an unknown here.

#
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Be The Meteor Data

To answer our questions we may call on theoretical,
obaervational, and experimental techniques, We will review
these tools briefly. We have already spoken of theoretical
approaches to the problems of luminosity.

Observational data may be obtained photographically,
visually, or by means of radar roflections from the ion colum
formed by the meteor, The last two sources will not consara
us here. Let it suflice to state that the radar methed can
give us {1) the range of the meteor at the point of closest
approach to the receiver, (2) the apparent angular velceity
of the meteor at this point, (3) the line density of the ion
column at this point and, under certain conditions, {4) the
radiant or radiant distance of the measured point and from
this, the space velocity of the meteor.

The value of visual observations wasg greatly reduced
by the advent of the far more accurate photographie techniques.
Furthermore, some statistical problems whose solution requirsd
the large number of visual observations are now best treated
with the still more numerous and more accurate radar observations.
And it 1is certainly not amiss to assume that statistical
problems concerning the optical properties of meteors can
be most accurately approached through reductions of large
nunbers of faint photographic meteors by the methods used
in this work.
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In the photegraphic program at Harvard, a pair of fast,
wide angle camsraeg, A0 miles apart, are used to photograph
the same meteor. The distance betwesn the cameras is the
baseline that supplies the digtonce scalse. To provide a
time scale, a shutter occulis the optical system at knouwn
intervals, and intersperses the meteor trail with a series
of breaks. DMeasures of these photographs yield directly
the radient and the helght, velcgity, and intensity az a
function of time. In Chapter II we will describe an
approximgte method for finding these quantitics. A summary
of the more accurate method utilized by Whipple and Jaechia (in
pross) may be found elsewhere. _

Photography of meteoyr speetra and time-lapse photographs
of meteor trains have given additional information on the
meteoric procesg., The reader interested in detalls may
censult papers by Millman (1952, 1953) and by Cook end
Millman (1555) for spectroscopic data, and papers by Vhipple
{1953) and by Idller and Whippie (1954) for the metecr train
date.

Wind tunnel studies and measures of the flight and
luminosity of highespeed pellets (Thomas and Whipple, 1951)
(Rinehart, Allen and White, 1952) have ylelded experimental
results, Such work has given a good estimate of the
drag coefficient, /', and set some 1limits on the cosfficient

of heat transfer, A.
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We might also expect to include in the experimental
date the results of studies of meteorites which yileld values
for the meteoric density, & , the heat of vaporization, ¢,
and, of course, chemical and physical compesition in general.
In that these data represent the only case whemre an
agtronomical result could be obtained directly in s
tervestrial laboratory, they are unique. Unfortunately,
however, they arc misleading, for, as Whipple {(1952) has
shoun for maetoorie densities and as will be shown here for
their physical structure, meteorites are not representative
of meteors in general. Indeed, the differente between
photographic nmeteors and meteordites could hardly be greater.
It is difficult to find any other natursl substance on the
surface of the earth with the tanacity of an iroh metsorite
and, if our results are correct, material as fragile as the
ordinary cometary meteoroid could not long exist under
conditions on the earth's surface. '

C. Some Important Earlier Work
Let us asgume that the fundamental qualities that

deseridbe a meteor « the radiant and the velocity, height,
and intensity as a function of time <« have been meagured,
and let us apply the theory outlined in the firat section
to determine what we can about the meteor problems.

The mass of the meteorold at any time 18 given by the
integration of equation (9):
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m(t) = .Lf X at, (10)
oy v3

where t = 0 when the meteor is first detected. A lower

1imit of t—> =»co is used to express the mass, before any

ablation has taken place. Since the intensity of the meteor

at the limit of detectabllity is usually very small campared

tn itg maxirnun intenglity, even a bad extrapolation of the

light curve inte the unobservable region will produce only

a small error in the initial mass, m{=co). (For convenience,

this quantity 1e written a8 m,. A similer notation, V., 18

uged for the velocity of the metecr before it has suffered

any deceleration.)

With the mass lmouwn, we may use equation {3) to determire
the air density, ¢to within the error imposed by our
ignorance of the constants of that equation. Such data were
gmong the first to give ws information of the upper
atmosphere {Whipple, 1939). Today, we can spsume the density
to be known from rocket measures and can invert the equation
to obtain information about the meteor in terms of an
obgerved constant, Ky!

O
ol =ragg 22 - - o7l = Sv?; ¢ V2 (%'é) (1)

0 tv
Or, 1f we consider 73 to be an unknown as well, we get
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dt

Whipple {1955) found that the obssrved values of this overall
constant eould not bs satisfied by use of values of the
individual constante thought to be reascnsble., Specifically,
il we accept the value of ['& messured by Rinehart, Allen
and White {16352) for high speed pellets, end the value of
the luminous efficiency determined by 5§3k5 then the
covresponding valus of the meteoric density is about 0.3 gm/em?,
If the lunminous efficiency i6 incresased to the maximam
poasible walue {an efficiency of unity for the fastesnt meteors),
the density 18 1.7 gnfem’ - a value considerably less than
that found for any mebteorite. Such a value tempha us to
spegulate on the structure of a cometary meteoroid, but we
wilil limit our discuasion at this time o tWo remarks. PFirst,
Whipple hea pointed out thet these wvalues are in qualitative
agrecment with his ley-conglomsrate Comet Hodel (1950).
Sngond, cur kncwiedge of materdals formed at near zero
temperatures and pressures is admittedly small. One ghould
guard againgt any preconceived ideas, based on his familiarity
with terregtrial substanceg, when discussing the result
eited ahovae,

Another observationally determined congtant, rveleling

to the rate of meos loss, may be found, Dividing equation (6)
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by equation (3), we cobtain the relation

A e B o b4
U0 ST e ’

S—%dt ey (13)

v

-

Thies may be integrated $o glve:

© koz L4 V2 Sal?
m=mn,e ﬁ( ° )o (2%}

{14)
The measured values of 0 , as determined by Jacehia, range

from about 10012 to greater than 10710°0 (ﬁ.%i), If we
assume Rinehart's value of M = 0,42 and useméie vaporization
energy of stons or iron, say 5‘,601()m ergs/gram, the observed
values of O determine a value of A {see Table 1).

Tavle 1
The Heat Tranafer Coefficient /\ as
Datermined from Observed Values of J,

o (see/em)? N\
10~12 047
10"10 ® 5 l . ug

Not only is the range in values large, but the largest
derived value exceeds the theoretical limit of unity Jov
the fraction of their energy that the incoming air particles

may transfer to the meteor. Furthermmore, 1f we transfer all
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energy, we transfer all momentum and our assumed value of
" must be unity as well., This more than doubles the valus
of N\ in the extreme case and intensifies the discrepancy.

It might be suggested that the answer to the problem
1les in the mode of ablation and indeed it probably does.
Modals of ablation, other than direct vaporigation £om the
meteoroid, have been considered in oxrder to explalin the
range and discrepancy in the observed values of 0. R. N
Thomas (1052) first ghowed that, on the basis of the
classical heat tranafer equation as applled to iron meteors,
the heat conductivity toward the center would proceed 00
rapidly to ellow the surface temperature to reach a value
great enough to produce any appreciable amount of vaporization.
He then considered the possibility that vaporization or melting
and the shedding of droplets from a reaction zone at the
gurface wae responsible for the loss of energy from the
surface rather than the conduction of heat inward. He
¢coneluded that i droplets were dispersed from the surface,
they would be small and the energy neaded for thle type of
ablation would approach that required for vapordzation.
Thomas felt that only fragmentation, which c¢can be neariy
an energys=free procaess, could account for the scatter of
the 0« values.

Although it 18 true that the meteoroid can lose material
at the expenditure of less enargy by meliing or fragmentation,

nevertheless the obaervations require that the material be in

L4
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the form of atomlc particles at the time the luminosity is
produced; i.e., 1f droplete do form, additional energy must
8till be supplied to vaporize the ligquid, for we can cobaerve
only that mass which eventually reaches the vapor phasge,.

The effect of the increased surface srea due o the droplets
or fragments will, however, affect the wvaporization rate,

Following Jacchia's (1949) demonstraticn that meteor
flares involved & loss of mass from the masteorceid, Henry J.
Smith (1954) anmlyzed several bright meteors that displayed
bright flares. He congeluded that meteor flares were scaused
by the sudden Tragmentation of a large mumber of small
particles, of the order of 106 grams sache

Jacchia {1955) then made the significent contribution
of the concept of the continuocus fragmentation of meteors.
His approach tc the problems was primarily the empirical one
needed to find some correction to the atmogpheric denzities
derived from nmeteor decelerations.

Jacchia'e sarly repults, with bright meteors, agreed
statistically with the values of atmospheric density ovtalned
from rocket fiights., Por any one meteor which gave
decelerations at more than one point, the denslty gradient
found from the meteor data also agreed with the rogket data
gradient, Houwever, later results obtained irom falnt meteors
photographed with the Super-Schmidt cameras showed distinetly
anomalous docelerations. Although the decelerations nesr the

beginning points of these meteors often gave a reasonable
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value of the density, the meteors displayed too rapid a
rate of deceleration, ylelding density gradients that
gould not be reconciled with either the previous moteor
or rocket resultg. We cannot improve upon Jacchia's
own description of the solution of this discrepancy:
"Frogmente can be detached from the surface

of larger meteor bodies without destroying their

unity; but if frapments of gimilar sisge are

detached from smsll bodies, this may mesn their

complete disruption into clustexr of fragments.

larger mateors, then, will disintegrate only

toward the end of their trajectories, while among

fainter meteors the brealup may occur at earlier

stages, even at the very beginning of the visible
trail. What we obtain by integrating the brighte

ness of a faint meteor is not the mass of & single

body but a function of the total mase of all the

fragments. The observed meteor deceleration, on

the other hand, 18 the average deceleration of the

brighter {ragments and therefore larger than the

deselsration of a single, unfragmented body.!

In this brief review of gome recent work, we have
touched on two aspects of the meteor problem which we intend
to amplify in this thesis. Whipple's discussion of the
densitlies makes the assumption of fragile meteors reaszonable,
while the conclusions of Thomag and Jaechia on fragmentation
almost negesslitates the assumption. Our aim will be, in
effect, to strengthen the concept of the fraglle cometary
meteoroid and to initiate a quantitative stwily of neteor

fragmentation,
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De A SemieQualitative Approach to the Relatlionship Between

Fragmentation and the Parameter <,

Let us consider two speclal cases of meteoroids with
8 large surface-to-mess ratio. PFirast, suppose the
neteoroid" to consist of a large number of small particles
of the same s8ize; 2ach one interacts Independently with the
atmogphere bub in the entire swarm the particles are
sufficiently close together to allow our cameras to record
them as & moving point source of light. We may think of this
swarn a8 originating from a single body that has elther
fractured or melted and broken into droplets in the fashion
of an over-gized rain drop. The mechanism is8 unimportant;
the end result is an unlikely arrey which we wish to use
to deacribe one extreme of gubdivision. The question we
wigh to answer 18: What value of ¢ would such a meteor yield?
The observed deceleration would be that for an individusl
particle, sinee each particle reacts independently with

the atmusphers. Leb usg set
R =xR, = WA, (35}
m=%tm, = Nm,, {16}

where Ay and my are the effective area and mass of the
individual partisle and N is theilr total muber. The

obeserved deceleration will be:
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vV = w (l?)
My

The amount of mass lost will be N times that lost Ly a

single particla, or:

2y == - L NA AP, (18)

Dividing (18) by (17) we obtain

mrzw = §§ = (19)

But Nmi =m 18 just the value which we would obtain by
integrating the intensity {equation 10) and would use in
computing ¢. We are left with the result:

CS‘:_,I:&_ 20
gl {20)

which represents no change from the case of a single body.

From the observed value of O, we could not detect the

character of the meteor model propoaed hore. I should

Dbe ecleakr, though, that such an object would be over=luminous,

of short duration and would possess too great a deceleraticn.
As our second model, we assume the meteoroid €o he

essentially & source of particles only. In this instance

we maintain & high area-to-mass ratio by a ¢ontinuocus

Tragnentation of particles but we do not greatly affect the

deceleration. In the extreme case, the deceleration is o
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function of ths main metecrold body and the mzas loss is a
function of a large munmber of smaller particles. The main
body gtlll suffees collisions with the air molecules = and
is decelewrated by them - but ite surface area 18 too mmall,
in comparison to the combined area of the particles, to
produce &n appreclable amount of vaporissd materianl. The
small particles, on the other hand, preduce most of thelir
1ight shortly alftor leaving the metsorolid, dwut they are
contcinually replaced by new fragments. Denoting byi%p and
My, the total effective area and the mass of the fragnented
particilos, and by Qb and m, the arsa and mass of the mateor
body whieh 18 the scuwrge of these particles; we may weite

for the general cnge:

zﬁp 2 - z".\i. Rp /ovz’, (21)
fy = - %prvﬁg {22)

wheye i, rvepresonts the mass loed by the metsorold bvy divect
U NETIRCRRG R

vaporization. Then, the total mass per second introduced

into the atmosphere In the form of vapordzed material is:
ﬁp+%=5‘=-é\z/"’3 (Rpeaul-'{b). {23)

The obsarved deceleration will be:
M Appv®

v.b -"-':\“ %

. (24)
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Dividing (23) vy (24), we obtuin

==m-i1~-= /\ R — A -
Tobs  Tovy © E0T (1 ""pf') =o (1 + ‘gﬁf)o (25)

Consequently, when we compute the quantity on the k't
side of equation (25), we do not obtain a number which is
solely a function of those physlical constants that deseribe
the behavior of metaors in the atmo8phere. Instead, we
determine scme number which will be larger {unless Ap = 0)
than O = ﬁl\f*‘i .

We migt meation also another complieating factor which
will alter squation {25). Ve must question our observed
velue of my,e There will alvays be a certain number of
fragments which have left the major body but have not yvet
vaporized., These particles will not be observed as "mass lost"
until same later instant when the vaporization has ocsurred.
Consaquently, we will always be overestimating the mass,

m,, of the parent body by the amount of mass contained in
theze fragoents. Simllarly, we will be overestimating the
avea, Ay, of the parent body., The deceleration, ¥, 183 a
directly measured quantity and 1s related to the actusl mass
of the parent body, not to the mass we derive by integrating
the light curve. Therefore, we have, in effeect, divided
apples by bananas in equation (24)., The same i8 tirue for
the factor Rb in equations (22) and (23). Here we should hawe
uged & smaller area to determine the mass loas by direct
vaporization from the parent body. To adjust these
quantities to thelr correct valuss, let ug set:
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k m, = o, where k<1, (26)
and

ky Ay = Ap where k<1, (27)

and where the primes Andicate the correct values. I we
assume that the parent dody has the same shape (see equation 2)
bafore and after it hag fragmented the partieles, we can

write

iy = (00 (28)
and equation {27) becomes:
0¥ ’A, <A, (29)

We may now rewrite equation {23) in its proper form au:

o A
TN o (k)‘*/’A:} " Tobs? 0)
or, multiplying equation {30) by k,
/

A : .
%bg = O‘"(l b ‘W k = &k 0.@'@!‘3@ é;}l}
. £

b
¥For a numerical example, we may rewrite this equation for the
special case where: (1) all fragments and the parent body
are spherical and have the same density; and (2) all fragments
are of the same nmass, my. Then the total mass of the particles
is:

3

L
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mp (1 = k) =Smy = Ny, (32)

wherez N is the number of such particles.
The radius of each particle will be:

1/3 (1 - k)) 1/3
= = .zfﬁ.w___ o

The effective areoa of all particles is then:

- 2/3
A. = Nr 2,1 - ¥) \ . {34)
P 4v&m N /

Similiariy, the effective area of the pavent body 18:

. k \&/3
Ay *‘"”(3‘;: ) . {35)
m

Substituting thess results in equation (31), we find that

Cobs = 0"}} + (Nk)l/3 (1 - k)a'l%l . (36)

Te obtelin en idea of the degree of {ragmentation needed
to explain some of the observed discrepancices of < we have
computed same combinations of k and N which give a8 valua of

“%?5 = 10, Table 2 gives these results {computations made

for 0.1 gram meteor).
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Table 2
C.
Values of k and N Necessary to Give u%gﬁ = 10
for 0.1 gram meteor {See Text)

K N my {grams)
0.90 8.1 10° 1.2 1077
0.75 1.6 0% 1.6 10°0
0.50 5.8 107 8.6 10™2
0,25 5.2 107 1.4 1073
0.10 9.0 10° 1,0 105

We should point out

that this approach is not limited

to the casc discussed above., The reader will see that it
may be easily generalized for any distribution of pavticls
sizes. There may be, for axample, a number of parent bodles,
eaach of which is fragmenting. In this cage, the deceleration
would apply to the largesat of these. Algo, the asolution

may be generalized to include shapes other than spherical

or to include separate densities for the {ragments and the
parent bodies. But as we shall see in Chaplter IV, such
refinements can be of academic interest only <« the
observations ulll not be sulficlently good to determmine

80 many separatc variables.




CHAPTER IIX
NEW DATA AND THE METHOD OF APPROXIMATE REDUCTIONS

A. The SupereSchmidt Meteor Cameras
The data for this thesis are derived alwost entirely
from doublesstation photographs cbtainsd with the four

Baler Supsre-Schmidt meteor cameras operated by the Harvord
Meteor Project abt Soledad Canyon ard Dona Ana Stations in
New Mexico and supported by contracts with the U. 3, Naval
Burean of Crdnance, the 0ffice of Neval Resgearsch and the
Us 8. Alr Poree., These instrmuments and thelr auxdilary
squipment are described in some debtail elsewhers (Wnipple,
1951}, {Carvol, MeCrosky, Wells and Whippls, 1951). &
schamatic diagram of the optical system {Figure 1) and an
enumeration here of some pertinent quantities will be

suffilciont ¢o explain the reductlon ftechnigque.

Table 3
Payslesl and Optical Propertles of the
Baker Super-Schmidt Meteor Caneras

Aperture 12.25 inches
Effective Focal Length  7.94 inches
Effective Focal Ratio 0.82

Pield 55°

Foeal Surface apherical szotion of radius 7.9 inekes,

chordal diameter 7.4 iaches
Shuttor Speed 1800 r.pome
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ASPHERIC SURFACE
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THE SUPER-SCHMIDT METEOR CAMERA
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The rotating shmtter lies about one-qguarter of an inch
cutslde ol the focal surface. It is & spherical section
concentric with the focal surface. The size and location
of the shutter copendngs are shown in Pigure 2,

The image quality is uniform over the fisld. Coma
is detsetable In biighter images but at least 50 pervent
of the intenslty of a point source falls on & eixrcie of
15,&461ameter. There is essentially no disteption of the
spharical projection of the sky.

All phetographs of meteor tralls have been cobtained on
Eastman-Kodak XeRay fllm. The filnm i3 molded, under hest
and pressure, to the shape of the focal surface {Carrol et al.,
1951}, Although the f£ilm has not been shoun to vrecsive a
permansnt set to the spherical section, measures of one-year
old £ilm show little or no deviation from the original
curvature. The general characteristice of the X«Ray film
ars similar to those of the Eastman I-0 3pactroscopiz
ermilsion. Thet is, it is a fast, blue sensitive emuislion
with considerable graininesa., Its high reciprocity failure
i3 ideal for meteor photography, since it minimizes the
density due to star and night sky light. Sky fog becomes
serlous with an effective exposure oi more than éhree
minutes. Since the rotating shutter excludes threeequarters
of the light, ekposures of 12 minutes duration are feasible
with this emulsion.
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FIGURE 2

PLAN VIEW AND RADIAL SECTION
- OF METEOR CAMERA SHUTTER
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The exceptional effectivenass of the camsra and
emulsion are best deseribed in terms of actual performance.
Meteors are photogrephed at a rate of about one per 18
minutes of exposure. The visual magnitude of the faintest

meteor images is8 of the same order as the limiting wmegnitude
seen by the naked eye. '

B. Meteor Helghts

¥hen the approximate reduction program was girst
congidered, the criteria for a "satisfactory®™ method were
rather vague. However, froam the experlence gained in the
accurate reduction program, one could be certein that data
with errors a8 emall as 1 percent in velocities and helghts
ecould not be obtained with a reasonsble expenditure of time.
At the other extreme, one could question the value of
statistics derived from data with mean errors of about 10 to
15 percent, With these limitations on the accuraecy, a search
for a sufficiently rapid method was made. To antiecipate
the general regsult of thls atterpt, we mey state that the
method to be described ylelds mean ervors of about 5 percent.
Thirty minutes is required to ecomplete the reduction of
a meteor pair. The mothod can be best explained 1f we first
derive the necessary equations, next discuss geparately the
methods of measurements, and finally, return to the sustions
and estimate the magnitude of errors due to various simplifying
assumptions and to errors of measuremsnt,
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where RAB 13 thz distance between stations; RA is the

distance fron Station A to some point on the metecr path,

RB is the distanne from Statlon B to the game point in

spate., This pelunk, on either meteor trail, will be referred

to as a common point (C). The orientation in space of the

triangle (&, B, () ias described by the declination (8)

and the hour anz.e {t) coordinates. (See Figure 3). Rpp,
GAB and t'AB are congtants of the stations. The hour angle

and declination ispregsent the direetion of the Dona Ansa

Station as secen "rom the Soledad Station. The statione were

surveyed by the thite Sands Proving Orounds., Their results

and the station constants are given in Table 4.

| Table &
Corstants for New Mexico Stations
Soledad Canyon Dona Ana

Altitude {0} 1.57 .41
Latitude 32° 18' 06 3° 30! 22"
Longi tude 106° 36° 38" 106° 47' 58"
Ryg 28.80 kn
tin +124°.7
Bap + 41°.5

| From the spherical triangle, (Pole, Pip? Py), we solve
{ for Y,the angle between the direction to the meteor and the
()

The geoumetr;r of the problem can be geen in Figure 3,
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direction of the line joining the stations:

cos ¥ = sin & 8in Byp + cos & cos Byp cos(typ=ty)e (37)

The subseript i refers to either Station A or Station B, With

ﬁand Y.

B determined, the values of the ranges, R, and RB are

" found from:

- R sin 7,

sin(7g=7)
The height of the common point above ground, assuming a flat
earth, is then:

e 3 £ 5 (38)

Ry

hy, = Ry co8 Z,, (33)

where Z i1s the zanith distance of the common point and cos 2
is given by the equation:

cos Z, = 8in f sin B, + cos § cos By cos ty. (40)

We have used for the latitude, g, the average value of the
two stations.

Clearly the same point in space c¢an be described by only
one height, and thus h",L = hp. This ecmparisgn gives the first
check on the computations.

The height above sea level, H, I8 found by assuning
h to be measured from an clevation equal to the mean
elevation of the two stations. In kilometers:

H=h+ Ah

= h + 15 (41)
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Solutions for squations (37) and (33) were prepared in
graphic form in order to eliminate the tedious and timoe

consuning task of directly forming such solutions many
thousands of times.

Since both > and cos Z are functions of 8 and ty4, a
solution for cos Z was also prepared and superimposed on the
chart for Y. These charts will not be reproduced here.

They are applicable only to the dats acquired at the Soledsd -~
Canyon and Dana Ana Stations, and therefore are not of great
interest. Table 5 summarizes the information obtained from

these graphs and from another to be discussed later.

Table 5

Description of Graphs Utilized in
the Approximate Reductions

Graph Enter with Read A Accuracy
«10° 2 8, < 90°

Ia o 0% < 3 0°%1
«50 é t’. _4,.— 5°°

Id Same cos 2 0,01
600 [+]

I o s )i = 1350 Ry 1 km
0° & 3 & 13

I Same R2 1 km
30 £ A 2 1,00

Iv sin » «001
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FIGURE 3

RELATIONSHIP OF GEOMETRICAL QUANTITIES
USED TO DETERMINE METEOR HEIGHTS

FIGURE 4
RELATIONSHIP OF GEOMETRICAL QUANTITIES
USED TO DETERMINE METEOR VELOCITIES
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C. Velocities and Radiants

The meteor trail is interrupted every 1/60 sec by one
of the occulting sections of the rotating shutter. These
breaks in the trail allow one to measure the apparent angular
velocity of the meteor at some point clong its trajectory.
This measure 18 referred to as the gpparent angular velocity
since only the component normal to the line of sight is
measured. In general, such measures are made on both
photographs of the meteor at the position of the common
points.

Figure 4 shows the relationships between the apparent
angular veloeity, »'; the angular velocity, «; and the radiart.
Prom this diagram we see that:

)
W, = i, L2
i BIH I'i ( )

where ry 1s the angular distance from the radiant to the
camon point. The space veloeity, v, i3 then given by the

equation
. a)i Ry (43)
vy ~~3!3~FI ¢ >
where Ry is the range found in the snlution for heights.
A8 in the case of the heights, the valocities obtained from
the two photograpnhs should agree.

For computing purposes, equation (43) is written as:




e
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- Distance
"1 IR, (m—)' | (44)
. Diatance)
where the qQuantity T is the distance between dashes
on the film in units of 1/24", the units of the measuring
engine we employed.

For equation (44) to be applicable, we must have
determined the position of the radiant. Wwhen the two
meteor trails intersect at a small angle, Q, it is difficult
to find an accurate radiant point. In such cases another
approach to determine the velocity is desirable., From
equation (43) we have:

1 t
w, R
R e (45)

or

sin ) ' R
= _Ln._ = A, by definition, (46)
sin rp 7405 B

1f the apparent angular velocity is measurable on both trails
of a meteor pair, A may be computed. This gives one relatiomn
ship between r, and rge For meteors with a small Q, it is
possible to measure r, = rg (or r, + gB) with good accuracy.
That this is true can be most easily scen by considering

the extreme case of a meteor pair intersecting at @ = 0°

(or Q = 180°); 1.e., both frails lie on the same great
circle. Then the distance between the two common points

will be exactly:
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R B (or r by = B), by deranxtxonQ (47)

The simultaneous equations (46) and (47) may be solved for
sin ry, and sin rge This solution was prepared in grephic
form (see Table 5, Graph IV). With these values of ry, v
is found from (U4). We have called velocities determined in
such a fashion "indirect velocities” as distinct from the
velocities obtained from meteors where a direct measure of
the rediant is possible (direct velooities). It will be
noted from equation (45) that we have foroed the indirect
velocities determined from each trail to agree. This
comparison offers a check on the computations.

The position of the rediant may be obtained by finding
the interseotion of two small circles of redii of r, and rp
with centers at ’A and PB' respectively. In general such
circlos will intersect twice, dut a quick inspection of
the trails is sufficient to distinguish the spurious radiant
point,

D. The Reduction Procedure
In this section we shall carry through the complete

reduction of an imeginary meteor pair. Our purpose 1is not
primarily one of instruction in technique, but to present,

in logical sequence, the various difficulties and
approximations that are present so that the reader maey acquire
& realization of the limitations of the method.
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A geparate computing form 18 used for each meteor.
Table 6 is such a form. Certain data necessary for each
meteor are copied from the card catalogue maintained for
all Harvard Meteors. These include:

a) meteor serial number for each trail.

b) camera designation (SS, ST, SK, SL) and
plate number for each film,

¢) region of the plate center, given by 6 and a.

d) astronomical date of the exposure.

e) timo of meteor occurrence, to .01 minute if
the meteor was observed visually; or the
mean time of the exposure if no visual
observation was available.

The local sidereal time, in degrees, of the nearest
midnight (LO,) is obtained for the date. To this is added
a correction to obtain the local sidereal time (L8;) of the
meteor instant.

The preceding section makes it clear that the entire
method depends heavily on our abllity to locate on each film
a point on the meteor trails that represents the same point
in space, the common point. If the meteor shows a burst or

some other discontinuity in the light curve, a common point
is obvious._ However, the faint meteors, with which we are

primarily concerned here, usually have smooth light curves.

In these cases a more subtle technique 1s necessary. The

R




Records
Com’n p'nt
Plotter
Computer

..................

..................

Meteor

Plate

Region
a,d

Date, L4,

MST, L4

Star Pos.

No.

t

3

Direction

Magnitude

Com’n p’nt

SC DA

DA

Quality

Projec’t

Dis’t/Brk

I30—TDA shipmebipe

A

sin r

Velocity

Radiant

Q

t, 8, a

Shower

COS Ziraa

Wake

Start: n, H

End: n,H

Accurate reduction data in red.

L 7]
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Table 6
Computing Form for Approximate

Reduction Method

i
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number of dashes visible on each trail is counted and, if it
is the same, we assume that dashes with the same ordinal
number are common points.

Such an assumption fails in thrée minor respects.
Firstly, the shutters are not synchronized, i.e., we do not
know the ordentation of one shutter with respect to the other
at any given instant., Consequently the comon point can be
in error by as much as half the distance between dashes.
Secondly, the focal plane shutter interrupts the same
position of the film at constant time intervals. The rate
at which the meteor is interrupted depends on its direction
of motion and its apparent velocity on the film., In the
extreme case of a meteor trail passing through the film
center, an error of one dash can be made. But since the two
tralls o a meteor pair are usually similar in their
direction of travel on the film, and since their apparent
velocitics on the film are small compared to the shutter
velocity, the error will generally be only a small fraction
of a dash. Thirdly, in assuming that breaks with the same
ordinal number are common points, we assume that both cameras
have photographed the meteor to the same limiting absolute
magnitude or, alternatively, that the differential
distance correction from the beginning to the end of the
meteor is amall or the same for both trails, Since most of
our trails are short, the differential distance correction
is small.
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We can conclude that the common points chosen on trails

showing the same number of breaks will be accurate to within

one dash. However, the two cameras often do not record the

same number of breaks for the following reasons:

a)

b)

e)

The sensitivities of the camoras are not
equal. With increasing experience in
figuring the correcting plate, the
manufacturer has been able to improve

the quality of each succeeding camera.

The effect is most noticeable when
comparing trails obtained on the first

(SS) and second (ST) SupereSchmidts.

The apparent magnitude of the meteor as seen
from the two stations may differ by several
tenths of a magnitude because of distance
corrections. Effects (a) and (b) often
compensate one another in part since the
earlier camera, at Soledad Station, 1is
directed more nearly toward the zenith
than is the mate camera at the Dona Ana
Station.

The effective exposure time per dash is
proportional t0¢wi. Thus, the trail nearer
the radiant is photographed as a brighter
image and the plate limit is reached at a
fainter absolute magnitude,

\
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Effects (a) and (b) combined are usually minor coxﬁpared
to effect (¢). By noting the general shape of the meteor
light curve of the brightexr trail, one ¢an obtain an |
aceceptable common point by estimating the number of daahee
that failed to be recorded at the beginning and at the end
of the fainter meteor traill. In only a very f{ew cases did
the combination of the factors of effective sensitivity
of the camera, and the apparent velocity of the meteor,
dirfer so much that no agceptable common point could be
found. For ¢ach common point, we record under "Quality"
(Tabie 6), an estimate of the number of dashes by which
the common point may be in error. This never exceeds 3 for
an acceptable meteor and rarely exceeds 2,

To mark the common points, a small pilece of Scoteh
Tape is placed on the reverse side of the film at the
location of the trail. Ink dots placed on this tape indicate
the common point, Mor longer meteors (20 dashes or more),
two common points, (n1 and n, in Table 6) are chosen in
order to make a check on the entire reduction. The common
point 18 recorded as the ordinal number of the dasgh, the
dash nearest the radiant being called “1", The duration
of the meteor is meaMd in terms of the total number of
visible dashes, Ne The beginning of the traill 1s specified
by noting, under "Direction", tho ootant, as seen from the
meteor, in which the radiant lies,
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To measure the celestial coordinates of the common
points and radiant, we utilize a transparent Plexiglase
hemisphere of Seinch radius, calibrated in hour angle and
declination., The scale of these calibrations and the radius
of the globe correspond to the scale and radius of the
Super-Schimidt films. To read the coordinatea of the common
point, we need only to position the film properly on the
globe, We accomplish this by choosing three or four
bright stars which appear on one of the films, determining
the declination and hour angle of these stars at the time of
the meteor, and plotting these star positions on the globe,
The film is then placed on the globe so that the star images
and their plotted positions coincide. Since the regions
of the two mate films overlap in an area of approximately
one-quarter of the film, we can position the second filn
by superimposing stars in this region. The hour angle and
declination of the common points are then read from the
globe scales.
We determine the radiant and radiant distances, r) and
Ty with the aid of a pair of curved rulers of 8einch
radius and 90° length, attached to one another by a hinge.
They are calibrated in degrees, the pivot point of the hinge
being gzero degrees. When each rule lies parallel to one of the
meteor trails, the zero point represents the radiant, The
radiant distances are read from the rules and the coordinates
of the radiant point are read fram the hemisphere. The
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cosine of the zenith distance of the radiant (cos Zg) is
determined from Nomogram Ib.

The qugntity Q is the angle of intersection of the two
tralls. An estimate of this quantity, accurate to about
10 percent, is made when the radiant is found. The value
of this angle is not used in the reductions but it serves
as a measure of quality of the directly determined radiant,

The apparent angular velocity, or distance per bdreak,
is measured on the Harvard Coast and Geodetic measuring
machine. This has been equipped with a section of an
8einch radius Plexiglass sphere for the support of the film.
The spherical section is large enough to permit all
measurements to.bc made with the optical axis perpendicular
to the image when the trall occurs at the edge of the film.
This reduces the focussing problenm and also allows us to
neglect any correction for the projection effect which would
be necessary if the curved film rested on the flat carriage
of the measuring engine.

The number of breaka measured depends on the apparent
angular velocity of the trail. In general, we attempt to
measure a distance of from 1 to 3 mm, which may represent
2 to 8 breaks. The measurements are usually made from the
end of one dash to the end of another; that is, an integral
number of dashes is measured. Corrections, by eye, are
made for the photographic spreading of the image Af the
two terminal dashes of the measured trail section do not
appear to be of about the same intensity. The dashes to be
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me&sured are chosen in such a way that the common point lies
in the center of the measured section,

The trails are inspected for any wake, terminal blending
or marked abnormalities in the distribution of light over
the trail. The position and apparent magnitude of the
brightest dash may be measured. The method of meteor
photometry has been described by Jacchia (1949). The
photometry has been completed on only a2 limited number of
the meteors dealt with here,

This completes the measurements made on a meteor
pair. We then determine, from the equations giveri earlier,
co8 Zy, Yys Ry, hy, H, A and Vy» in that order.

To complete this outline of the method, we will add
a description of an earlier approach to the problem of
finding common points. The argument, due to Olivier (1925),
proceads as follows: Consider the plane defined by the two
stations and a point on the meteor. The lines RA’ Ry and
RAB lie in this plane which intersects the celestial sphere
on & great circle. Then the position of the meteor point as

geen from each station must lie on a great circle which
also includes the celestial position of one station as

seen from the other, Conversely, if the two meteors are
located properly on the globe, we can draw a great circle
through the point defining the direction between the
stations, Then, by the argument above, the intersections of
this great circle with the meteor trails must represent
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common points. This technique was tried and discarded

as being too insensitive for most cases. In practice, we
employed a movable great circle which was attached to the
measuring globe and pivoted at the points (bAB’ tAB) and
(-BAB, t\B =180°). when the meteor trails formed a moderately
small angle with this ecircle, the common points could be
varied by several dashes with only a slight shift of the
films. IXIf the time of the meteor occurrence is lacking,
the precise position of the film on the celestial sphere is
unknown.

E. SingleeStation Shower Meteors and the Approximate Method
The program of meteor astronomy at the Harvard College

Observatory, includes the investigation of the origin and
histories of the shower meteors by study of the distribution
of the radiants over the period of the shower (see, for
example, Wright, Jacchia and Whipple, in press). Singlee
station meteors are used in a least-squares solution to
determmine the radiant, i1f they eppear to belong to the
shower; that 1g, if an extension of the trail passes through
(or near) the assumed radiant point for the time of the
meteor, and if visual inspection determines that the
apparent angular velocity of the meteor is reasonable for
the shower velocity and the radiant distance. A small amount
of work with the globe used in the approximate method removes
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the guesswork from this visual determination. By assuming
that the meteor belongs to the shower, we can eatimate a
height that corresponds to that of meteors of the shower
velocity. The apparent angular veloocity Qﬂi), cos Z,, and
the distance from the assumed radiant (r;), are measured for
some point on the trail. Frbm equations (39) and (43),

we have:s

&' n
v = u . (ua)
€08 Zi sin Pi

If the meteor belongs to the shower, the measured values
should yield the shower velocity., We may be deceived
occasionally by meteors whose true radiants and velocities
are not those of the shower but combine, by chance, in

such & way that

(V sin 1‘1) = (v sin »

shower 1) non«ghower
Such cases must be far more rare than the 10 percent of
single-station meteors which we have been able to eliminate
from those meteors thought to belong to the shower.

It is probabdbly obvious that the usual approximate
method may also be used to eliminate those double-station

meteors that have the proper radiant but a none-shower velocity.

F. Height Errors

The problem of errors in our data reduction includes
two major questions, neither of which has yet been finally
answered. First, the velocities and radiants determined by
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the direct and indirect methods are, in general, at variance
with one another. We need some quantitative oriteria for
making a cholce bstween the two results. Second, we desire
a more exact knouwledge of the mean errors as a function of
the various parameters of the solution., That neither of
those desiderata have been found doas not affect the results
of this thesis to any reasonable extent. All the problems
treated here are of such a nature that we need not bve
concerned with whether the errors are 3 percent or twice
that amount., However, we will wish to lmow that the errors
are not, say, 15 percent. Our brief study of errors will
show they are not.

The final answers to these questions will be found only
after the completion of the reduction project. Eventually
we intend to acquire approximate data on 2000 meteors,
including about 300 faint meteors that have been reduced by
a more accurate method. An intercomparison of results
should supply the information we want. Comparison can now
be made with several hundred brighter meteors already reduced
by Jacchia. However, the accuracy we would obtain in
determining the radiant of these long meteors will seldom
be approached for fainter meteors. On the other hand,
common points are often more difficult to obtain on long
meteors. All in all, we do not consider bright meteors to be

comparable'to faint ones with regard to our system of
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measuring. A comparison of veloccities obtalned by accurate
methods and by the present method has been made for somne 25
bright meteors. Our average error in velocity was about 3
percent, '

With respect to the order-of-magnitude estimate we can
stud& the results of measuring errors of probable amounts and
we may conpare our results for shower meteors with their
known values.

Let us begin with the errors in height introduced
by our assurption that the earth is a plane surface. The
correction for this was ignored as being small compared with
the intrinsic errors of measurement. This is true 1f the
meteors are in the viecinity of the zenith, as the& were in
all the early New Mexico photographs treated here. It 18
easlly shown that

R%=h'2

Ah = heli! = 5 5

(49)

where h 18 the computed helght above the station level, h' ia
the true height above the station level, R 18 the range from
meteor to station, and D is earth's diameter, With the
assumption that

Ah 24 2h, (50)
we obtain
Ra.ha
2 o (51)
D +2nh
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Employing equation (39), we may write

Ah & h2(88022¢1)= (52)
D+ 2h

For meteors of 100 km altitude, the correction factor reaches
0.5 kilometers at a zenith distance of 37°,7. Essentially
none of the meteors in this work exceed this value. The
average zenith distance is of the order of 20°,

If the common point is improperly chosen or
measured, or i the two films are not correctly positioncd
on the globe, the two range lines, as defined by (6A, tA) and
(55, tB) will either not intersect in space or will not
intersect on a point on the meteor traill. Whether the
intersection occurs for any given set of measures or not,

our computations still lead to a camplete description of

gsome triangle which represents, to some degree of approximation,

the true triangle defined by the two stations and a point on
the meteor. wWe are interested in lnowing how good an
approximation our measures probdbably give. To investigate
this, it will be most convenient to study, in the original
equations, the changes brought about by independent changes
in the assumed position of the common point along the t and
8 axes, Differentials of equations (37), and (40), (38) and
(39) yield:
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The subscripts on the differentials refer to those
variables held constant during the differentiation. The
differential angles are all expressed in degrees of are,
having been converted from radian and from degrees of
hour angle when necessary. The paramoter

' -
At = At cos B. (57)

We will discuss the errors involved in one particular
case, Computations for other cases show that the total
arrors will be similar in other parts of the sky where
meteors have been photographed. As our example, we will
use a meteor with the common point coordinates glventhm
Table 7. The remaining values in the table were computed
from the equations previously given. The accuracy, of
courge, exceeds that which may be obtained from reading
the nomograms and also exceeds the amount commensurate
with the ultimate accuracy of the measures (0°.1).

It is a bit difficult to estimate & reasonable amount
for the errors in the common point, positioning, or
measuring which combine to give the total errors, A8 and At.

\Y



Differential Errors Produced by an Error in the Common Points
Station B
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Table 7

Station A

+27.,6
+13.5

86,2
86.31
376
84,2
85.8

+443

4,83

00071a

«Q .1&3}

'3016

+3.73

.2.94

+3.6ﬂ

+13.9
‘Oou

105.0
8916
.9&8
8445
85.9

‘u057

+4,68

«0.773

-1.000

+3.53

=334

+308h

‘3017
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Station A

=0.700

+0,904

*3010

+3,06

‘3012

+2.99

Station B

‘0. 63“

=0.019

+2.90

“3.28

+2.72

=311
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The error involved in reading the globe scale should pot
exceed 0°,2, For fast meteors with a high apparent angular
velocity and with a common point of only moderate quality,
say 2, the commonepoint error would be about 1°, We believe
this to be considerably greater, perhaps by a factor of 2,
than the common-hoint error for the average meteor.
Positioning errors can occur in two ways. First, the two
films may not be properly superimposed. Because the globe
is not perfectly spherical and because its mean radius is not
exactly that of the films, we can not always superinmpose
the entire star field common to both films. The attempt
is alwﬁyﬁ made. to carry out the superposition in the

vicinity of the meteors and an error of about 0°.,5 would probably

be large. The second'positioning error, resulting from an
unknown time of the meteor occurrence, is a special case and
will be treated separately.

From the preceding extreme figures, we may estimate
that the average error, in t; or 8, will almost certainly
not exceed 1°. It is unfortunate that this figure cannot
be verified by more rigorous methods than those used.
However, another check on our errors, to follow later, will
supply additional information tending to confirm this
as being an extreme value,

Let us assume that the cammon point at Station B has
been properly located, positioned and measured, and that,
for any of the afcrementioned reasons, a 1°.0 error exists

)i
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in the measuros of the common point at Station A. The
percentage errors for this case, computed from the quantities
in Table 7, are given in Table 8.

Table 8
Errors Resulting from a 1°.0 Error in the Common Point

Percentage Error in: 88, =1°,0 Aty =1°%.0
R, 375 363
Ry 3.7 3.7
h, 3¢5 37
hy 3.8 37

The similarity of values within either column should
be expected, The similarity bdetween corresponding values
of the two columns is the result of chance and indicates
that the maximum error for the meteor will occur for
departures in a direction roughly half way between the
directions of the 6 and the t axes.

When the instant of the meteor is unknown, we choose
the time of the middle of the exposure for reduction
purposes, Thus, with 1l2e-pinute exposures our maximum error
is At = 6 mins = 1°.,5 However, in this case the common
points do not suffer a shift relative to one another and
the resulting errors in the ranges will be the algebraic
sums of the errors caused by ghe displacement of both cormon
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points., Since these are of opposite sign and of about the
same magnitude (see Table 7), the final errors will be small,
Table 9 shows the percentage errors resulting from a 1°.,5

shift in t of both films,

Table 9
Errors Resulting from a Displacement of At = 1°.5 of Both Pilms

Quantity Ry Ra hl h,
Error (Lc'l) +0.}‘$ -Odl# +0,20 @017
Percentage Error 0.l 0.2 0.2 0.2

We can see that the timing error will be negligible even in
those cases where the maximum possible error results from a
displacement along the teaxis,

G. Velocity Errors

Errors in velocity may result from errorsin any of
the measures. Errors in the apparent angular velocity, Ay »
are probﬁbly small compared to any other type and we will
From differentials of equation (43) we

sec that the percentage errors due to range and radiant

neglect thesc.

errors are, respectively:

(%y)w" - 4 ana (58a)
(%!)w.. R = = cot pAr. (58p)
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Thus the srror in veloeity cannot be less than the range
error, which we found to be about 4 percent with the
assumption of a common point error of 1°,0. The function Ar
is 1tself a funetion of r as one can understand by visualizing
the extreme cases when the meteor appears at the radiant
(r =0°, Ar = 0°), and when the meteor appears at a great
distance from the radisnt (say, r = 90°, Ar = 7 £ 0°).
We might estimate this unknown Ar to be of the order of
5° or 10° in the worst cases. We may say that certainly
Ar varies less rapidly than tan r. This leads to the
apparently contradictory result ;hat, in general, meteors
rmust have a badly determined radiant to allow us to produce
an accurate velocity. However, another independent error in
r, that imposed by our scale reading accuracy, 0°.2, weighs
more heavily against meteors of amall r., These two errors my
combine in such a way that meteors at some intermediate r
give the best velocities,

We have no method of determining a satisfactory
relationship between r and Ar and we must therefore approach
this problem from another side. Among the meteors reduced,
there are 36 Orionid and 45 Geminid shower meteors for
which we know velocities. These groups will determine
our velocities errors., Furthermore, since most metears
in these showers were reduced by both the direct and
indirect methods, we can find some estimate of a criterion
for choosing batween the results of the two methods.
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) In general, the direct velocities derdved from the two
| films of a given meteor do not agree with one another to
within several percent, However, in some examples, the
radiant distance of one common point greatly exceeds that of
the mate plate and in these instances, the velocity derived
from the more distant trail was used or weighted more
heavily in the average. Average velocities,mean errors axi
percentage errors were found for both sets of shower nmetécrs
for the following cases:

{(a) Direct velocity used for all meteors.

{v) Indirect velocity used for all meteors.

(e¢) Indirect velocities used when ]Bl > 10°,.0,

direct when |B| < 10°.0,

(d) Same as (¢), with division made at |Bl = 9°,0.

{e) Same as (c¢), with division made at |B| = 8°.0.
Table 10 gives the average values, mesn deviations and
percentage errors for each of these velocity criteria and
for both groups of shower meteors. The letters refer to

the outline above,

()
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Tadble 10
Mean Valuos and Errors of Shower Meteor Velocitios
(For desoription, see text)

Notoors.  Lndteess doternde v&‘%}a(ﬁ) % error

nations used
Gominids
a 44 0 35T 1.42 1‘00%
b 2 3 /el  1eTh 8.9
a a3 3 B b 33
o 15 26 36:0 1.3 3.1
orionids
o &. .m “.
® % 3 23’2 3% 39
3 3’2 a 1.7 237 g°g
o %6 28 67:6 2,05 3.0

We should qualify these data bofore discussing the
results, First, the Gninids were somewhat brighter mateors
than normal and, hence, easier to measure, Murthermore, the
radiant of this shower is not far distant from a Qeminii, a
star that appoars on most of the OGeminid moteor photogrephs.
Sinco these metoors were reduced specifically to check for
errors, it was necessary for the measurer to "forget" the
position of the radiant for sach measure, a difficult task
with a rediant 8o ocloarly marked. Still, we believe this
was ascouplished,

In the case of Orionids, the situation is quite different.
The radiant was not present on the region deing photogrephed
and, nore important, we did not realise wo were reducing
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shower meteors until after the measures had been completed.
Al8o, these meteors did not produce such bright tralls as the
Geminids. Perhaps, then, the Orionids should be regarded as
giving the best test, althcugh, as can be seen in Table 10,
the errors for both showers are comparable.
In regard to the indirectly determined velocitles,

our measured quantities are A and B as defined by equafiona
(46) anda (47). It may easily be shown that if the radiant
is properly chosen and there are no measuring errors, then

{6A + 4B) 8in®

Ar, = Arp = B (59)
A B sir. B -

where r_, is the angle from the radiant to the common point
of the trail most distant from the radiant., A poorly
determined common point has little effect on A, since this
quantity is determined from a fatio of the ranges, RL/RJ' We
have already seen that a reasonable error in the common point
results in comparable changes, of the same sign, in the

two ranges. We may write:

R
A’Véo (60)
Differentiating this equation, we obtain
Rg 4R, ~ R, &R,
AA = » (61)

R
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Thus, the errors in the range tend to compensate one another
in the determination of A. However, since we must still
apply the velocity equation (43) in its original form after
determining ry, any error in range will affect the veloeity
in the usual fashion.

One can see that an error in the common point will
directly effect B which is essentially the distance between
common points. It is also clear from the 3!%'3 factor in
equation (59) that the indirect method will be more powerful
when |B| is sufficiently large. From the shower meteors
we can obtain an idea of how large.

Table 10 indicates that the deviation from the mean
velocities of the showers is of the order of 3 to 4 percent,
but we have yet to show that these mean velocities actually
correspond to those expected for these showers., Our velocitles
are those at some point in the atmosphere, uncorrected for
deceleration and therefore somewhat lower than the usually
quoted velocity outside the atmosphere. In general, we
choose common points as near the beginning of the trail as
posaible to minimize the deceleration correction. From
Orionid and Geminid meteors reduced by Jacchia, we have
obtained the velocities at the beginning point of the meteor.
(vy)e These results, as well as Jacchia's values for the
no=atmosphere velocity (v,) are given in Table 1ll. They are
compared with the average velocity we obtained for the method
which yielded the smallest 0 in Table 10

\
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Table 1l
Average Velooities of Shower lMeteors Obtained
by Accurate Reductions

(By Jacchia)
No. Meteors v, A VeEM
Geminids 17 3606 36.3 3603

Orionids T 6705 67»“ 67.6

The agreement is excellent andiiﬁwe 18 no evidence for a
systematic error with velocity. We may conelude that our
velocity errors, for these cases, are about 3 percent, and
that the optimum minimum value of |B| for the indirect
reductions is about 8° to 10°., It seems unlikely that
measures on somewhat shorter and fainter noneshower meteors
would yleld errors that exceed 5 percent. When this result
is compared with the errors expected for ranges and heights,
we see that we must have over-estimated the probable error in
the common point, for as was pointed out earlier, the
veloclty error cannot be less than the range error, which
was of the order of 4 percent on the assumption of a 1°.0
error in common point,

There still remains the possibility that in selecting
the shower meteors, we passed over some cases which were
80 badly determined that they were unrecognizable as members
of the shower. A study of the frequency diagram of the |
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velocities of the individual meteors makes such a hypothesis
unlikely 1r,‘on the basis of such a diagram, one is willing
to grant that the scatter may be represented to a falr degree
of approximation by the usual error curvé. We have reproduced
in Figure 5 the frequency diagram for the directly determined
velocities of our Geminid meteors.

Figure 5
VELOCITY DISTRIBUTION OF GEMINID SHOWER MEZTEORS,
APPROXIMATE REDUCTIONS
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H, Some Specific Results of the Approximate Reduction Method

In eelecéing meteors for approximate reductions, we
1napectéd every meteor film, in chronological order, to
determine whether it was possidle to make a reduction. We
discarded as few meteors as possible, and would have preferred
to exclude no meteors, so that the over-all statistics would
be unassallable. However, some 1ndiv16ual cases clearly
would have yielded results of very poor quality. About
15 percent of the meteors were in this category, and rejected
for one of the following reasons:

(a) The meteor was too faint or too short for
the radiant to be determined,

(b) The difference in image quality (focus or
fog) of the mate films was such that no
satisfactory comon point ¢ould be found,

A further fifteen percent of the meteors were also
discarded because their geometry or positions made reductions
impossible or difficult., These included:

(c) Meteors so close to the radiant on both
f4ims that the photographic spreading of
the 4image obscured the breaks.

(d) Meteors that appeared on the film only in
part and, as a consequence, could not yield
a satisfactory common point. Not all such
partial meteors were excluded, hoawever, since

in many cases a good estimate of a comuon
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point could be made,

In addition, another fifteen percent of the meteors
photographed were not available for reduction at the time of
this study. They include:

(e) Moteors being reduced in the accurate reduction
program. These, in general, are brighter than
those we have treated. Thelr exclusion is
responsible for the homogeneity, with respect
to brightness, of our meteors,

(f) Other meteors occurring on the films included
in (e)s. These, we suppose, are & random
selection in all respects,

Of the remaining 55 percent which we reduced, we
later discarded from the statistics a very small fraction
of a percent, because large discrepancies in the final
results indicated that a solution was too difficult.

At present (November, 1955), data are available for
about 1600 meteors, photographed from the beginning of the
double=station Super=Schmidt program, February, 1952,
through February, 1954. Present plans call for a total
of at least 2000 meteors photographed over a period of at
least two years.

The data we wish to present here do not include all
that are available, The results quoted in the remainder of
this thesis are based on all the reductions that had been
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completed at the time the particular analysis was made, 7This
will explain the varying number of meteors we include in
attacking the several aspects of this study.

To begin with, we shall mention briefly the distribution
of meteor velocities, Althowgh we wish to divorce this
aspect of the data from the general subject of the thesis
and to treat it separately in a later paper, we shall need
to refor to the distribution when discussing fragmentation
phenomena. Tadble 12 summariges the data on the first
1069 meteors to be reduced. Included are meteors ocourring
between February 1952 and June 1953. For comparison we
have also listed the early information, compiled by Whipple
(1954), obtained from the small camera meteors. Hie
velocitics are those at the top of the atmosphers, Y., and
ours at the measured common point nearcest the beginning of
the traile. The'slisht sorrection for deceleration necessary
to make the two groups strictly comparasble is very small
compared to the 10 km/sec subegroups we have chosen, We
have also listed the distribution of all meteors, expepting
the Perseid, Orionid, and Geminid showers, which add an
appreciable number to either the prescnt or to Whipple's
total. Whipple lists a total of only 51 sporadic meteors
and consequently the elimination of 8ll shower meteors leaves
few for comparison.
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Table 12 |
Velocity Distridbution of 1069 Super-Schmidt Meteors
Compared with the Distribution of 144 Small Camera Meteors
(See Text for Classifications)
v km/sec Percent of Total for Cases:

10=15 137 14,8 3s5 4.5 249
15«20 16.5$ 17.8’ 6.2’ 8.1 % 15.7’
1020 30.2 32.6 2.7 12,6 19,6
20 2247 2“-:6 2 ') 3105 275
2l.0 18.2 3046 2245 15.7
O=50 645 Tel 649 9.0 3.5
50=60 2.8 5e2 5.6 Selt Qe
> 60 14,8 12.3 22,9 18.9 23.5

The five categories of meteors listed in the table include
the following:
(a) 1069 SupereSchmidts, representing all those
occurring between February, 1952, and June,
1953, and reduced by approximate means.
(b) 988 meteors remaining from (a) after the
exclusion of all meteors in three major

showers (45 Geminids, 36 Orionids, O Perseids).
(¢) 144 small camera meteors by Whipple (1954).

(d) 111 meteors remaining from (c) after the
exclusion of all metcors in three major
showers (19 Geminids, 2 Orionids, 12 Perseids).

(e) Thosc meteors (51) in (c¢) that are sporadic.
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Regardless of which categories of meteors we compare,
we see that the older data rather badly underestimated (or
we have overestimated) the number of meteors in the lowest
valocity group. It may be that the explanation lies in
the choice of meteors accoepted for accurate reduction. Metears
of low apparent velocity ray have the shutter breaks greatly
obscured by photographic diffusion of the dash image, so
that the meteors are difficult or impossible to measure,
Such cases would be selectively rejected, leaving a
preponderance of faster meteors,

Statistics concerning phenomena apparently caused by
fragmentation of the meteor are available for 585 cases,
all the meteors occurring between February and December, 1952.
For cach of these meteors we have recorded the presence and
position of wake and terminally blended dashea. The wake,
in the best examples, i85 seen as a trall of steadily |
decreasing luminosity extending from a dash towards the
direction of the radiant, When the wake is strong, the image
due to both dash and wake may assume a tear-drop shape. In
more usual cases one can only notice that the dash lacks
symmetry in the direction of the meteor's motion. For
faint photographic matcors, one cannot bde rore explicit in
describing the appearance of wake,

Terminal blending, in the strict sense, is a temm
that should be reserved to describe those dashes that do not
necessarily show an asymmetry but are longer than the
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expected oneefourth of a shutter cycle. Often the final
images will be very faint dbut will clearly be more diffuse
than some earlier images. We cannot always decide whether
such an image should be designated as wake or as terminal
blending. We generally classified such cases as blending.
Although this represents a consistent approach, the result
has probably been to overweight the occurrence of blending
by an appreciable amount., Good examples of weke are
certainly more common than good examples of teminal blending
and perhaps one should expect the same to be true for the poxer
examples. By expressing some doubt concerning the number of
meteors displaying each of these characteristics, we do not
wish to irmply a queation as to whether any of these meteors
displayed one of the fragmentation phencmena.

In 1954 we made a preliminary study of the correlation
of the visible effects of fragmentation and velocity, on
the basis of some 50 faint meteors. The analysis of the 585
meteors confirms the conclusion that the existence of wake
and of terminal dlending are both a function of velocity.
Table 13 lists the results,
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Table 13
Percentage of Meteors in Various Velocity QGroups that
Display Some Visible Effects of Fragmentation

v (ln/sec) Wake Terminal Wake and Terminal Wake and/or

Rlending Blending Terminal Blending

1015 T 2 8
15—26 g§$ Sg% 23 ’ 68’
10«20 37 63 24 T7
20« 39 30 11 ?J‘
7 29 32 16

0=50 a5 g 3 o3 |
50=00 10 3 15
2% 2 3 e Uy
ALL 2855 308 12% 4555

For the reasons given above, the final column of Table 13
should be considered to be the best set of data; it gives the
percentage of rmeteors in the given velocity groups that show
wake or terminsal blending, or both,

These fipures agreeé in & general way with those obtained
by Jacchia (1954) for a group of 137 bright Super-Schmidt
meteors., He found wake in 46 percent of the cases, terminal
blending in 34 percent, both in 16 percent, and either in
61 percent. The higher percentages are the result of his
greater average meteor brightness. Jacchia notes that all
meteors of maximui apparent brightneﬁ of more than four
magnitudes above plate limit show sane wake. The indication
is that all metecars release some wake particles and when the
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( meteor 18 large cnough, the total intensity of all the
particles uwill be great enough to register on the emalsions.
A velocity dependence was also soen in these moteors in the
sonso that the uake was brighter smong tho lowsvelocity
moteors than among highevelocity meteoors of the same
epparent magnitudo.

A oconaddorable discrepancy exists between the velocity
dependonces of torminal blending in the two sets of data.
Jacchia fourd Xne, but ours 1s most pronounced. This is
pwmblymmmmMWmoMmofﬂwm
blending category for doubtful cases. In addition, &
scloction fastor, to be discussed in Chaptor IXX, in
Jacchia's choice of moteors seems to affect his result.

We will, from time to time, introducc more statistical
data dorived from meteors treated by the approximate
techniques.

()
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CHAPTER III
BEGINNING FOINTS OF METEORS

A. Meteors Characteriged by an Abrupt and Early Rise to

Maximum Light
Certain faint mateors display a light curve that

nay best be described as ‘backwards'. In the most extreme
cases the meteor appears at maximum light, rising 1.0 or 1.5
nagnitudes above plate limit within the period of time between
the dashes (1/80 sec); it then becomes progressively fainter.
The light curve, measured in magnitudes, on the dec¢lining
branch is almost linear in time. The final breaks show
terminal blending. By reversing the time scale, one ecan
obtain & very plausible representation of the light curve

of a normal highevelocity meteor.

In less extreme caseos, these meteors may appear at an
intensity close to the plate limit and show a normal increase
in brightness for several dashes followed by a more or lecss
abrupt rﬁae to a maximum where the change in brightness
may be abrupt or smooth. As before, terminal blending
is likely to be present in the final dashes.

There are no examples of this form of light curve
among any of the several hundred larger meteors photographed
on small cameras. Abrupt meteors are apparently peculliar to
those amaller objects that can be photographed only with
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Supere-Schmidt cameras.

Of all the meteors photogipphed in the first year of the
Super-Schmidt doubleestation. prgsgram (February, 1952 to
February, 1953) and reduced byasur approximate method,

13 percent of the meteors coulili be asmigned to this category.
Although the observational .datio clearly demonstrate the

existence of a class of abruptwwtears, some examples occur that

are hard to classify for one oh several reasons: (a) the rise
1s steeper than normal but noti¥abxupt, (b) the increase in
light 18 noticeable but not gmwiats (c) the light curve falls
off rapldly at some point aftert the rise in such a way that
the abnormality might be descriwoed as simply a prolonged
flare, (3) the discontinuity o/! the 1ight curve occurs so
late in the trail that only a m=ell fraction of the meteor
departs from normality, or (e)ilthe meteor shows a mixture of
the above effects. We have rejiled entirely on our subjective
appraisal of each case in decijilng whether a given meteor
should be included in the clas' of abrupt meteors.

The 1nformation derived fwon the approximate reductions
indicate that at least three cwhexr qualities are shared,
statistiocally, by such meteors Tirst, as in the case of
wake, abrupt meteors are charsidtoristically a lowevelooity
phenomenon; nearly a third of 11 meteors of velocities
less than 20 km/sec fall into hvhis class (Table 14),

S
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() Table 14
Veloeity Distribution of Abrupt Meteors

VER) oo rdwad  derwe f b
Febs, 1953.
10=15 85 27 32
1520 | 105 3 30
20=30 151 22 15
30=40 185 11 6
40=50 ) 3 6
50%60 47 1 2
2 60 140 5 4

Total 762 100 13%

Second, abrupt meteors are, in general, short in
duration. Since the meteors in this study represent a
rather homogeneous group with respect to their maximum
magnitude, we would expect a homogeneity in the durations
of any given velocity group unless some distinction in

the physical processes exists between different types of
meteors, Table 15 lists the median and mean number of
dashes observed for (a) all normnal meteors; (b) normal
rneteors with velocities less than 20 km/sec, and (¢) all

abrupt meteors,
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Table 15
Comparison of the Durations of Normal ani Abrupt Meteors
All Normal Normal Moteors, All Abmpt
Meteors v< 20 km/sec Meteors
No. of .
Meteors 380 89 100
jedian 19 23 16
No. of
Dashes _ -
Mean 23.0 28.8 177

The mean values are heavily influenced by a few dright
neteors, none of which show an abrupt rise., The median
values of the low velocity meteors probably should be
used as the standard for comparison, since over two-thirds of
the abrupt meteors have velocitles in this range. However,
any comparison of figures in Table 15 shows a significant
decrease in the duration of abrupt meteors.

Finally, terminal blending was detected in about
two-thirds of the abrupt meteors and was strongly
concentrated among the lower velocoity objects., Furthermore,
if we describe the blending qualitatively in terms of the
number of dashes for which terminal wake was recorded, the

velocity effect is even more pronounced. (See Table 16).

SR
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Table 16
Extent of Terminal Blending Among Abrupt Meteors
as a Function of Velocity
v< 20 lam/sec v > 20 km/sec
Percent of abrupt meteors

with terminal blending 8% 344
Average nunmber of breaks
with terminal blending among - 5.6 1.3

abrupt meteors

The preceding table snd short duration of abrupt
mateors supply, in part, an explanation for the discrepancy
between our results and those obtained by Jacchia in the
case of the velocity dependence of termmnaily blended
meteors. To measure decelerations, meteors of great length
are preferred, The very short abrupt meteors are not
sultable and they have probadly been selectively rejected
for purposes of accurate reduction, However, these meteors
are Jjust those which show a strong veloclity dependence in
the terminal blending characteristic.

The various anomalies of these meteors have in the
past, Jacchia {1954), McCrosky (1955), been very loglcally
explained as the result of a sudden crumbling of the
meteoroid at the point of the abrupt rise. The resulting
increase in tho effective surface area causes the increased
luminosity. Differential deceleration of fragments of
different sizes causes the masa of the original meteoroid
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to spread along the trail and obscure the shutter breaks.
The duration of the meteor will be that of the largest
fragments and not that of a single body and consequently
the meteor will not endure. The qualitative data of this
study have not produced a result at variance with this
description of the phenomenon. lMoreover, we will be able
to make the crumbling=hypothesis still more plausible by
a quantitative statistical study.

We may describe thése abrupt meteors in temms of a
relatively few observational parameters. The degree of
crumbling, as measured by the increase of the effective
area, is proportional to the luminosity before and after
the discontinuity. It can be seen that in a general way
the slope of the rising branch of the light curve is
related to the rate of crumbling; and the duration and
slope of the declining branch 1is, in some complex fashion,
dependent on the distridution of particle sizes after
crumbling. The brightness and degree of the teminal
blending are also related to this distribution. The
height at the point of disruption, the velocity, and
the angle of approach into the atmosphere complete the
list of the important quantities that may be obtained
without recourse to the accurate reduction methods.

Unfortunately, one of the most interesting pleces of
information is not available in many of the cases studied.
Very often the meteor shows no image before the steep rise
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and we can only fix an upper limit on the effective area
of the body before fragmentation, This upper limit 1is
set by the limiting magnitude of the film, which is itself
a funotion of the length of the dash (a long and faint
dash can be as casily detected by eye as a shorter but
brighter dash). Since the dash length depends on velocity,
we will introduce an extransous velocity dependence on the
intensity increase, A, in the sense that the larger values
of AI will occur for higher veloecity meteors. Even in
those cases where the meteor shows several faint dashes
before the burst, the value of AI may be in error by an
amount corresponding to 0.3 or C.4 magnitudes because of
the difficulty of estimating the brightness of loweintensity
images.

We are in a better position with respect to height,
The common point is extremely well determined because of
the discontinuity in the light curve., The velocities, too,
should be of good quality in so far as they depend on the
ranges., Of course, these meteors are short and the
determination of the radiant distance, r, by the direct
method is somewhat less reliabdle,

If the assumption of rapid crumbling of the meteor
is valid, we might expect the disruption to occur
because of an~1nternal explosive phenomenon or because of
crushing caused by external pressure forces. We might
also include the possibility that gross fracturing occurs
as a result of a temperature differential through the
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meteoroid, We believe that the abrupt metecors supply us
with good evidence that the erumbling oceurs when the
dynamic preseure,/ova, on the body surpasses the crushing
strength of the meteoric material,

Values of the air density, taken from the Rocket
Panel Atmosphere (1952), were found for the bursting
heights of T4 excellent cases of abrupt meteors.

It was assumed that these heights could be related to the

meteor velocity by an equation of the form:

o =c (62)
or

log 0o + n log v = log C. (63)

A leaste=squares solution was applied to find the constants.
These values are compared, in Table 17, with the results
of similar least-squares solutions for the densities at

the beginning heights of normal meteors. We have also
quoted the correlation coefficients, R, for the best
values of B = n, and for other values of n. The relatively
low probable error for the solution comprising the T4
abrupt meteors 1s probably indicative of the increased
accuracy resulting from reductions of meteors with well

determined common points.
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Table 17
Loast-Squares Solution of Equation (63) for Beginning
Points of Normal Meteor and for Bureting Points of

Abrupt Meteors
Abrupt All normal Normal meteors
metoors moteors v <40 m/seo '
No. of
neteore 74 238 142
log € (ogs) #4.10 9.42
no 159‘@.11 2.8,2"_0007 5.1130.14
R 0.8‘1:.03 00913001
n 1.0 . 2,0
R : 007&90‘5 : . 0&7:.&
n - 3.0 1&.0
R 0.71£:06  0.83%.02

The normal moteors used for corparison were the first
group of moteors to be reduced. Additional data are
available at this time but have not yot beon utilised in
a leoastesquares solution. Such work will not be carried
out until after the approximate roduction program has boen
completod, and after a study of orrors has dbech made by
the comparison of a larger mmber of cases treated by doth
the accurate and the approximato aystems of redustion.
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However, the probable errors leave no doubt that the
boginning points of these faint normal meteors occur ascording
to a law difforent from that ocbeyod by the bursting points
of abrupt metoors.

By selecting only the excellent cases of meteors
with abmpt riee, we gain the doudble advantage of using the
meteors with the most accurately lmown heights, and of
limiting our matorial to a group of meteors that
indisputably belong to tho same class. In this procoss
we are noglecting about 25 percent of our data and are
also reducing the range of velocities and heights since,

. 68 W@ have mentionod, the dbest examples of abrupt moetoors

are lowe=velocity objects. This latter fact suggests

that possibly the,Ov® = constant law approachod by abrupt
meteors 18 a result gsolely of their velocity. However,

a study of low velocity normal moteors (see Table 17) shows
that only a small change in the veloeity exponent ocours
for these moteoors as compared to that for normal meteors
of all velocitiae,

Figure 6 shows the relationships determined for the
beginning heights of nomal meteors and the dursting
heights of abrupt moteors as functions of velocity. The
filled circles represent individual oases of the boginning
points of normal moteors and the open circles repreeent
the bursting points of abrupt moteors. In spite of tho widk

_k




ATMOSPHERIC DENSITIES AT BEGINNING AND BURSTING POINTS

Figure 6

VERSUS METEOR VELOCITIES

Beginning points of
normal meteors and

least-gquares solution
for #v" = constant.

Bursting points of
abrupt mateors and

- leastesquares solution
for ,av" = econstant.

Point of disruption
of 7 meteors showing
e hap in the 1light
ourve (data from
Jacchia).
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scatter, most of whioh is probabiv w. one can readily
soc tho distinction between the two groups.

Tracing the course of the average metsor by means
of this graph, we see that it first roaches a point in
the atmosphere at which it may be oxpected to bacome
luninous. That 1s, on the classiocal meteor theory,
heat transfer to the body becoamws sufficient to vaporige
the material. Then at some later time, whioch depends on
the meteor velocity, the pressure on tha body (ov2) excceds
the crushing strength of a certain class of mcoteorcids and
the abrupt rise in intensity may osccur. The scatter that
is possidle in those points may cause any given moteor,
especially 4if 1t de a low=velocity object, to be visible
first at the fracturing point. However, for high veloeity
meteors our results predict that in almost all cases the
burst will not ocour at the dbegiming point of the moteor.
A confirmation of this, and of tho result in gencral, 1
supplied by seven moteors studied by Jacchia (1949). These
mwor;mammuummmxmuwmm
rieing branch of the light curve. This behavior is abnormal
in contrast to the flaring meteors as desoribed by Miss
Hoffleit (1933) and Jacchia. Both found flares to occur lster
in the meteor's trajectory. Also, unlike a true flare,
the luminosity of theso seven moteore romained high after
the durst and did not retreat to the level predicted by the
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thooretical light curve, Jacchia tontatively associated
this phenomonon with the atmospheric EBelayer But it soons
caortain nou that the correlation was due to chance. We haw
plotted the diasruption points (X's) for these meoteors in
Figure 6. Theoir agreenent with the constant pressure curve
is good,

B. Beginning Points of Normel Motgope
Our interest in normal metoors in the preceding

saoction was inducced primarily by our desire to corpare
them with the special class of abrupt meteors. However,
the result obtained is worth further study and explanation,
even though only an approximate. approach is feasible at
this time. |

First, ue should point out expliocitly that tho
beginning point 18 a function of the instrument as well
as of the moteoor. It is the first dash image of sufficient
intensity to be photographed and detoctod by eye on a
careful inspection of the trail., Ofton the obsorver will
be able to detect a questicnadle image (or images) at a
point dbefore the first well defined dash. The begimning
point of such a meteor may be in error by that amount if
the observer incorrectly decides that the doubtful images
do or do not belong to the meteor trail.
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Wo will ask how our observed distridbution of
beginning points as a function of velooity agrees with
the prodictions of the metcor theory.

The intensity at any point, given by equations (6b)
and (7a), 48

I<-3nvm (64)
whore
Aeegyag 213 o3 pyve - (es)

We have replaced the oxponents, 3, dy the general
quantities, / and 2, Our result will consist of one
equation involving these two unknowns. We have then,
the relationship: | '

I~é%/0v'“*'/. (6G)

®  Strictly ». W& should consider both /\ and

{ as functions of velocity. In the case of /A, we can
only make a nogative statement: thore 18 no reason to
bslieve it remains conatant.

we could mfer to the themucal reacta.on
rate mdei proposod by Cook, and Thomas (1951).
Undor such a hypothesis, higher ve ty neteors may

scquire energy at such a rate that the surface would bo
maintained at a temperature in excess of the vaporisation
temperaturo. The one per gram of mass lost would thon
exceed that deterrined the latent heat.

*M houwaver Mﬂ“tmwm‘mmm
caloulations on the olassioal metecr theosy, utilising

?-oonltont.
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Fron our proviocus result, we now the relationship dbetween
L and v for average normal meteors. Supposedly, we oan
find a similar relation for I and v for these moteors. I,
then, we can do the same for the masges, we will bo able
to cheock the funstional rupregentation given by oquation
(66)s To find acourate meteor riasses, we must rely upon
accurate photonetry of the ontire metoor trail and the use
of oquation (10),

> i- mg 67
B 3 o (67)

Negleoting any changs of veloocity, we haves
n, vit= % 5; dt. (68)

Jacchia (unpublished) has devised an approximate method for
determining the integrated intensity, which we will
reproduce here.

mtxm‘bemmmrmm;waewmeor
meximum light and I,, the limiting intensity of the plate.
Wo define

Anzz&m.}_lm=~2.51°s§& (69)

Al80, let T, the Auration of the meteor, be defined as the
time Auring uhich the meteor intensity is adbove the plate
limit,
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We will onploy a gaussian curve to represent the
intensity of the motoor as a function of time:
-h? ¢2
x=xnm‘e ® (70)
whavecmtmumacalemhthnt1=xmuatt=o.
Then I <), 8t t=%J, It follous that:

-h® ?
zm = Im e » (71)
, Inax\ 1/2
h = In e
%( ) - (12)

Fron equation (69) we then find,

h - G @V2 . 1m0 L‘ﬂ%—lf (73

Wo can now integrate the intensity, as:

0 -h2 t2 Inax T 7
X dat = ’ dt=.92h-——v =8 4 (T4)
L “o ° (an) 2 2 i

The use of tho gaussian may be questioned. For low-
velocity motoors, the representation may be very good. For
high=velocity motoors, whose nqm curves are not sycmetrical,
it can de very bad. However, the intograls under the
gaussian, as dofined, and undor the actual curve do not
differ greatly. In this case, the proof of this pudding
1168 in the rosult of comparing the acocurately integrated
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intensities and the appro:dmately integrated intonsitios.
Jacehia finds tho agreement to be extremely good (~5 percant)
in those exarmples for which a comparison was made.

As a result of equation (74), we may compute the
quantity, m v/ The duration 18 given in terms of tho
total mucbor of breaks visible, No M__ (or I_ ) 4s
obtained fronm photometry (see Jaocchis, 1949). To detormine
ulm.uemmthatthemgumormmteorattm
beginning point 1s that of the plate limit, where the plate
1imit is defined as the magnitude of the faintest star
visible on the photometric conparison plate possossing
star trails of the same length as the moteor dash.

G. S. Hawking (unpublishod) has kindly supplied us with
his cstimates of those values, given as a function of the
longth of tho star images. The ostimates are considered
accurate to within 0.2 magnitudes.

Although we lack precisc photometry on meteors treated
in this woric, we do have a group among those used in
the beginning point determination for which consistent,
if not adbsolute, estimatos of maximum magnitude have been
nade. Using oquation (74) we havo detarmined the intograted
intonsity of 111 such meteors. The average values of the
logarithm of this quantity, as a funoction of velocity class
appears in Table 18.

Ao




.

)

w8l »

Table 18
-Average Integrated Intensity of 1ll Meteors
as a Function of Velooity

Velocity class 1020 20=30 30-40 40»50 5060 >60» all
(hn/sea :
Number of

meteors 28 28 17 12 *) 19 11
log JI at

~ in arbitrery «83 +90 83 «96 1.19 80 .87

units

The scatter in the individual value of log JI dt
is considerablo dbut thore is apparently very little veloeity
ocorrelation. A least-squares solution for the exponent
in the equation

w jx dt = oonstant (75)
yielded
n = «04d 4 Oel.
We have, then,
m, VA = 5: at = yOe1 201 (76)
or .
U ¢ + 001’ + 0.1
mo°~. V(./‘. = . (77’

Since a nogligidble amount of material has besn loet by the
meteor by the time it first becomo visidle, we may assume

lﬂoo= moo
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Por Womt;en relating to the intonsity at tho
beginning point, we shall consider a group of “average®
(to be definod) nmoteors. We shall assume, as wo did in
determining the integrated intensity, that the magnitude
of the first visible dash is oqual to the limiting
magnitude of a cormparadleo tratled corparison plate. To
convart this to absolute intensity we must make several
assumptions, listed bolow. The numerical values derivod
fron theso agsumptions will defino the averege meteor.
Ve assume:

(a) T™he averegs distance of the meteor from
the radiant, in temms of sin r, is tho same for metoors
of all velocities. From the avorage of 100 meteors we
doterminod an average value of ®In r = 0.58,

(v) T™he average senith distance of the beginning
point of the mateor, in terms of cos Z, 18 the same for
meteors of all velooitics. PFor the samo meteors used in
(a), we found this averege to be 608 £ = 0.9,

Tadble 19 1lists tho various stops in the correction
of the beginning mognitudes (apparent) to units of absolute
intensity. The computations are made for 7 averegs, and
hypothetical, metoors with velooities botween 10 and G5 lxybec.
Rows 2, 3, and 4 givg respectively, the donsity (°) at the
boeginning point, conputed from oquation (63) and Tadble 17;
the corresponding height above sea lovel (H) as talsn frono
wmtmxnmmm.mmmemwmmm

Ao
-1
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of observation (h). Using tho average value of cos Z,
we obtain the range, R, from equation (39):

h___h
R =587 " o0 (78)

From equation (44), we may now dotermine the length of
the moteor dash for each of these velocities, by using
the value, 8IN T = 0.58 found above. We may write,

@' R
Veolnr®

or
t

w
T=dgshlenath--—-9-g—-“n .

Row 6 contains the limiting apparent photogrephic magnitudes
for dashes of this length, as interpolated from Hamidins' vealuos.
In rom 7, rg. we have corrected the preceding value
the differonce of the trailing velocities of cocparison
star and meteor, and row 8 is the absolute photogrephic
magnitude; that is, the magnitude the beginning point would
display had it been at 100 lan distance.

The plot of log I against log v (seo Figure 7) gives
a8 graphical solution to the velocity dependence of the
intensity at the beginning point of the normal meteors.
Wo £ind that

s AL (79)

b &V
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FIGURE 7 PHOTOGRAPHIC INTENSITY OF
BEGINNING POINTS OF AVERAGE ME TEORS

AS A FUNGTION OF VELOGITY

-1.0—

INTENSITY

LOG

6.2

]

6.4 . 66
LOG V (cm/sec)

6.8

e




-8 -

Table 19
Dordivation of Photogrephic Intensitlios of Beginning
Points of Paint Meteors

Velocity 10 15 20 30 4o 50 65
108 2 =750 «8,00 8,35 «8.85 =0.20 «9.47 «9.79
TT«5 84,5 89,5 95,5 102.0 106.5 112.0
76,0 83.0 88.0 95.0 100.5 105.0 110.5
80.8 88,3 93.6 101.1 1069 11l1.7 117.5
10,75 11.00 11,20 11,50 11.65 11.75 11.85
33 31 3.1 3.0 2.9 2.8 2.7
3.8 34 3.2 3.0 2.8 2.6 24
log I ®1,52 «1430 «1.20 «1.20 «l.d2 =104 <«0.96

é$_‘§3 - T~ -

It is difficult to assess the ascuracy of the result
bacause we cannot be certain of the value of assumptions
(a) and (b).
Sumarizing some of our immediate rosults for the
normmal metoors studied here, we have
«2,8
=~V
PV b
nxv
0.7
and I ooV ®
Wo expect:

P (80)

e 2;‘1 .
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v T, ¢3/3 (001 ou) (=28  p+) (81)
Equating expononts, we arrive at:

%,u-o_u= Sube (82)

If ve assume the values of the standard meteor theory,
M=V =3, a discrepancy of about ono half of a power of Vv
exigts between our results and those prediscted. On the
other hand, Opik's original statement that 7 = 7 v, which
leads to/M= 3, was intended to apply only to bright
moteors. He prodicted that for smaller bodies, 7 would

be independent of velocity. And indeed, Jacchia finds
that for Super-Schmidt meteors, some improvement in the

| computod atmosphoric donsities results whon this assuption
| of constant 7° 18 erployed. Our result would tond to
confim thié. ¥We have,

AL 4=3, V=24

Af u=2, VU=2a.7,
a valuc which is more coampatible with the assumed valuc
of V=3,

On the othor hand, w might also explain the deviation
of equation (82) from the predicted value by a change in
V. The argunent in favor of this will be prosented in
() the next chapter.
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Therce can be some question concerning tho significanco
of this gencral result. The assumptions used arce reasonable
and the poworelaw opproximations are fair. However,
until a more rigorous solution is performed, with a
larger munbor of msteors, this should be accepted as a
prelininary result. We believe, though, that the
precading analysis has shown the dosirability of repeating
the work on a more oxtonsive scale.
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3o Digtinmuishing Charectoristics of Wakes and Traing
The most striking characteristic of the first Super-
Schmidt moteor photographs was the froquent presence of
a considerable amount of luninosity in the shutter
breaks of the trails. The frontispiecc shows an oxarple
of this so-callod wake. Some gsuch effesct had baen seen
on a fou photographe obtained earlier with smallor
camoras (Millman and Hoffleit, 1937) but in genoral these
camores were too slow and the dbreaks too short for this
phenomenon to be easily sppearent. In addition, the shmtters
of these oarliecr cameras were placed in front of the
odbJjective and 4id not give as sharp a gut-off in the breaks
as do the focal plane shutters of thoe Schmidts. Thus

it 18 more difficult to recognize oxtrancous luninosity

in these sonowhat dlurred breaks.

We have, in our definition and in our thinking,
distinguishod betwoen the phenomena of wake and train., We
have postulated that luminosity in tho wake results from
small particles, dotached from the moteoroid proper, which
docelerate with respect to tho motoor and show a luminosity
behind tha mateor. These particlos will still have a
veloocity corparablo to that of the moteor. The train 18
supposed to result from recombinations of nearly stationary

S Jro
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atmospheric ions and atoms Af'ter the moteor has passaed.
Tho hypothosis that two soparate phenomena may cause a
luminosity in the breaks requires justification. Any
sirmple inspoction of the trail cannot distinguish botween
the two, and there appoars to be no way at present by
whioh we can Bhou, for certain, that the wake is distinct
from the train phonomena, However, the present data give u
soveral fasts which maltes such a distinction entirely
plausidble.

Firet, let us assune that the intensity in the broeals
18 duo to train, and then ask how the observed charactor-
istics of this intonsity comparv with the known charactorw
igtics of a train. We know (Liller and Whipple, 1954),
for example, that trains show consideraedble more light in
the red than do meteors and we would therefore expect
enhancement of the intemsity in the broak on panchromatic
filn, As yot we do not have an example of the same
metoor photographed on different emulsions but this test
should bo kopt in mind for the future. Howover, the
complete lack of success of train photogrephy with dblue
emulsions and the oxistence of strong walke on the samo
cmilsions are in thomeelves good gvidence for the belief

that the two phonomena are soparato.
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Some information is also available on the decay timo
of meteor treins. Liller and Wnipple essurod an arbitrery
luninosity docay of the fam I = I_/(1+ Kt)? to £1t the
observations of moteor trains. Tho values of decay
constant, K, depended on height and ranged in value from
0.3 to 3.0 8008™>, Without conderning ourselves with an
exact analysis, a visual ingpection of any treil shows
that the intonsity of. the wako has docreased by at lcast
a factor of 2 over a distance of a dash longth (1/240 sec).
This order-of=magnitude oalculation yields a K of 100 aoca‘l,
a valus quito ocut of lino with those for train docay.
Faults can be found, however, with the above comparison.
If, for oxample, the decay constant itself is a function
of time, the comparison 18 not valid, Liller and Whipple
derived their result from the luminosity occurring severel
seconds after tho passage of the meteor, and our data rolate
to a period of time only several hundredths of a second
aftor the metoor. Porhaps thero 1s no reason to expoot the
decay factor to be constant over this range. Furthermore,
the fom of tho decay equation may not be at all correct.

A corparison of the statistics of trains and walos
offers a noro conclusive mothod of distinguishing dbetween
the two. Wo have noted (Table 13) that the existence of
wake is primarily a lowsvelooity moteor phenomenon. Trains,

I e
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on the othor hand, are distinotly associated with highe
volocity meteors. Visual observers (Olivier, 1925;

Norton, 1946) cormonly charestorize the Leonid, Orionid,
Perseid ard other highevelooity moteor showers as traine
producing. This writor, on the basis of several years of
visual observations, concurs.

The average velooity of 50 meteors in the Harvard
program for which traeins hava deen succesefully photogrephed
1s 59 im/sec. OF these moteors, 40 have boen reduced by
the approximate method, 9 wore treated by precise ncans
and one was identified visually as a Porseid meteox for
which we have assumod a8 velooity of 60 lm/sec. We wish
to thank Mr. Robert F., Hughos for a consideradle portion
of the approximate reductions and for supplying these

data prior to publication.

Tablo 20 gives the veloocity distributions anxd the
correspaniing distridbution that would be oxpected if: (a)
mateors produced trains independent of their velocity amd
(b) the distridution of meteor velocities is that given by
Colum (a) of Tablo 12 in Chapter IX. The disparity is
strilking, between the numbere expected and those obeerved
and cannot be oxplainod in torms of observational seloction.
Although the Harvard observers in Now Moxico wore cognizant
of the oldor obacrvations concorning trains, there was a
period when thoy thought the majority of treins they -
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obsorved visually were associated with meteors of low
(apparent) volocity. However, the effort to verify this
visual obsorvation by photography failed,

Table 20
Distribution of Velooities Ariong TraineProducing lHetoore

v (lm/sec) Obgservad Number
see uxt)

1020 0 15.1
2030 3 1.4
30-40 5 10,5
80«50 2 3.2
50=00 5 ad

> 6o = Tk
Total 50 50,0

Our aim has been to justify our distinguishing dbetwoon
waks and train, and the velocity oriterion is suffiocient
to do 80, But at the same timo we may note that it 4s
not only velocity that governs train ocowrrences. The
observations of Trowbridge (1907), Iiller (1954), and
Wnipple (1953) agree as to the fast that the maxima of meteor
trains lie 4in the vicinity of 85 to 90 kilometers altitude,
T™This region is more accensidble for matoors of moderats spoed
(~20 im/sec) than for very fast meteore. Consequently,
if slower motecrs do produce trains, we would
anticipate a larger mumbor, if not a preponderance, of such
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neteors among the train data.

The final point in favor of the thoory that small
particles cause tho wake phenonena rosts on Jacchia's
(1955) interpretation of the ancmalous dehavior of faint
meteors. If fragmontation doos oocur, wo rmgt expact a
wake, Tho amount and the charactor of the wake will
dopend on the amount of fragmentation, the sisze of thoe
fragmanted particles and the imoun oircumstances of
the moteor itsclf {veloocity, hoight, and trajectory).
The remainder of this chapter will present a quantitative
treatment of this problem.

B. Theory of tho Motoor Walmp

Wo will aspumc that at some time, ¢t = 0, & small
particle, of mass m,, 18 scparated from the meteoroid. We
will further assume that the parent body does not ahiocld
the fragment froo collision with the air molecules and
that the same meteor thoory may be appliod to meteoroid
and to wake particle. The problenm will be sirplified
without any appreciadble loss of ascuracy if we SUPPOSo
that the moteoroid does not docolorate during the severel
breaks over which we will study the fragment. We ocan
now derive the equations giving tho intonsity of tho walw
as a function of distance behind the meteor.
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The drag equation has been given ass

%% s - FA%@/}y"V’ \ya = e xyom'w vao (83)

Introducing oquation (14), relating the mass and
velocity wo finds

| Hv3 - V)

§-- o3 v ()
Substituting into equation (84) the rolationship,
ac = 48, (85)
£ina

- o3 o~ 8BS - ¥)

/Od' = » ° av. (86)
X v

By choosing a suitable scale hoight, £, we may describdbe
the atmospheric density in a region of soveral kilometere
by the exponential lawt

Lo=P¥ O.B/BQ (87)

Tho height of the moteor at any timoe, H, 18 given bty
n=n°+(s°-a)coazamrezaumamch distance
of the apparant radiant. Ve will choose our boundary
conditions that at t =t , 8 = O, All subsoript zeros
rofor to conditions at tho tine tho fragment separates fron
the meteors Then:
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séoah‘ . 'ng/} -%‘(vﬁ-vz)
e dl:= -m L - dv. (88)

mpmmre’ww,oommummrmoeocm
t‘mvotovuehavo:

v
S 608 23 °lars ~EE\gP
yda—T-_as =S (—9——-0 ° i..av. (89)

° v

In torms of a nou auxiliary quantity,
u= % Vzo (90)

mmcwnudemdmestoﬂwdsﬁm%meofm
emmncmmtegralawneobtum

E,. (“0) b R‘. ‘“)

8 ¢oB %.vs-'
é B ->=aax1,0°e“ ' (1)

/% cos 2,
or
,Ei(u)-ml(u)
9:3& S o‘a +1}, (92)
O'va
whore axxp/ooego
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The W.P.A. Tables (1940) of the exponential integrals with
argumonts to four places (0.000 « 9.999) were used for
solutions 6: this equation.

Having choson values tormc. Hys v, and co8 2, we
computed values of s for various values of ve In general,
about 20 such computations were made, representing a range
in v of Vo2 ¥ 3 V, =10 kn/sec. The time elepsed since
fragmentation 1s obtained by quadrature from the tabular
relationship v versus s {or % versus 8y) uhere 8,
represents the distance travelled by the wake particle
since fragmontation. Using this and the assumption that
the meteor itself travels at constant velocity v,, we find
the lag of the walke particle, dbehind thoe meteoroid, to be

48 =8 =8, =Vyt =8, (94)

Since this lag is lmown as a function of v, we may use the
intensity equation to find the luminosity due to the wake
particle as a function of the lag, 4s; that is, wo may
detormine the intensity arising from a particle at

some given distance behind the meteoroid:
| . 7‘0' /'\Aﬁ"a,3 mal ?ové
1 per particle = > T o (95)
Furthermore, since we inow the velocity of this
particle and, by assumption, the mags of the particle at
the time of fragmentation when its velocity was Voo WO may

erploy equation (14) to determine the mess of the partiocle
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at the time 4t decelerates to a velocity v. Subgstituting
this valuc of m in equation (93), we obtain:

§8 - )

I por particle = ;% rg/> nﬁ” A o o (96)

Suppose for the moment that tho mateor is at rest
and 1s a source of wake particles that accelerato away from
the meteor, At the time of fregmontation, the wake
particlos have the same velosity as tho meteor, 1.0., 2810
velocity in the present frame of reforence. Assume that
fraguentations take place at a constant rate &, = %)p.
and that this procoss has contimued for a length of time
sufficient to allow the first particles to have accelerated
to some given velocity, say 10 lm/socc. Then the cwrrent
of particles is in a steady state for a distance equal to
the space required for a particle to reach this velocity,
and a contimdty condition axists in this region, In
partioular, the mumorical linear density of particles
18 given by the equaticn, |

p\RAEESion,) =;;£-r (97)

whore v' 48 the velocity of the wake particle with respooct
to the meteor at rest. Reverting to the usual framo of
reference, we have:

//('-: VooV mo‘ (98)
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at the time it decalerates to a velocity ve Substituting
this valuc of m in equation (95), we obtain:

2 - )

I por perticle = ;%/\Ao'a/’ qﬁ/’/vﬁ o %‘ o (96)

Suppose for the moment that tho meteor i8 at rest
and is a source of wake particles that accelerato away from
the meteor, At the time of fragmontation, the wake
particlos have the samg veloeity as the meteor, 1.0., gero
velocity in the present frams of reforence. Assuma that
fragnentations take place at a constant rete d = %)p.
and that this process has ocontimued for a length of time
sufficient to allow the first particles to have accolerated
to some given velooity, say 10 k/scc. Then the ourrent
of particles is in a steady state for a distance equal to
the space required for a particle to reach this velocity,
and a contimity condition axists in this region. In
particular, the mumorical lincar density of particles
is given by the equation, |

n
mgaies) - —2, (om)

whore v' 48 tho velooity of thoe wake particle with respoot
to the meteor &t rest. Reverting to the ususl freme of
reference, we have:

/(:: Vo =V mo‘ (g’
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Multiplying equation (96) by equation (98), wo obtain
a quantity, designated by< , which we will call the
linear intensity. This 1s the energy per second emitted
by a unit length of the stream of wale material. We have

| e Z (V2 = v?)
=Z§ﬁ i -1/’ ng—:, ° »

whore we have also multiplied numeretor and dencminator by
I"in order to transform the constants into the measured
quantities, K; and T,

It will de noted that equations (92) and (S4), relating
the lag and velosity, refer to a particle that has been
fragmented at some given height, H,» and the intensity that
we derive is the intensity of this particular fregment at
each point in ite lifotime as it rotards with respect to
the meteoroid. It is this intensity which we have integrated
in oxder to obtain the expected distribdution of light
in the wake, mmuemummmeemtyatw
given time is due to particles that have left the meteoroid
at different times and, therefore, with a different initial
condition on Hye Our computations will be meaningful only
Af the oconditions of the problem are such that those
particles contributing light to the portion of the wake
near the dash are released from the meteor at nearly the

o
R o
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same height as those contributing light far from the dash.
If the meteor veloocity 18 low, tho particle sizo amll
and the senith distance of the rediant large, this condition
will be best fulfilled. Ve will concern ourselves further
with this error at a later time,
rorﬂwouwem“eotﬂwremr.uemmtthe
assumptions made up to this point.
(a) T™here 18 no appreciadle deceleration of the
meteoroid dn;dng the lifetime of a fragment.
(b) ALl fragments are initially the same sise
and shape., |
(¢) ™e wake particles fragment from the surface
at a constant rate for at least a period of time equal to
the lifetime of one particle.
(4) Each wake particle reacts with the atmosphere
in the same fashion as a non=fraguenting meteor.

The assumption that we know the values of ocertain:
physical constants is implicit in (d). But the fact 1s,
we do not. Our values of O, derived from meteors, are
neither constant nor reasonable. Also, the observed
value of the density of the motooroid, § === and thus
xlmwmtbetmmrormtbodymmc.
For oxample, if the meteor is a hollow matrix of noedles
and each necedle 1s a fragment, both the density and shape
factor would differ from fregment to meteoroid. In the
ocase of U, we will employ the lowest value observed for
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any meteor, 10732 (9%%)2, and asgume that this value
is representative of a meteor which losaes all of its
material by evaporations. For K;, we will use Jacchia's
(1949) assumed value of 0,76 (cgs)e Although an error in
our choica of this constant will affect our fregment masses
considerably, the results will remain self-consistent esince
the same fastor, K; mglb. appoars in both of our final
equations (92 and 99).

One meteor trail has been treated in considerable
detail by the method given above. The procedure and
results of this investigation m of generel interost and
will guide us in a following study of the expected

distribution of wake among moteors of different veloecity
classed. |

The motoor chosen for study 48 No. 3567, the one
reproduced in enlargement in the frontispiece. It has
been reduced under the direction of Dr. Jacchia who has
kindly made availadble the results of the measurements
and photometry. Some of this information is outlined
in Table 2.
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Tadble 21
Goneral Information Relating to Meteor No. 3567

Film No,. ST 945
Date Auge 15, 1952
H(n = 1)® 100 km

H(n = 28)* 91 Wm

H(n = 38)* 88 im

v, | 26.8 km/sec
v(n = 28) 2646 lan/sec
608 Z2p - o717

no . «051 grams
log T «10.9

No. of dashes, N 4o

o(n refers to the dash number, the first
visible dash dbeing designated as
rumber 1),

A lowevelocity meteor was ohosen to eliminate any
offeot of train. The analysis u basad on the assumption
mtmmumzmuwmmmmumcome
small particle ablation.

The curved £ilm of the Super-Schmidt has dbeen copied
on a flat glass plate for measurements by Jacchia. The
positive was used to make an enlarged (4x) negative of
the meteor trail and its environs, T7This plate was treced
aiong the meteor treil on a Baird densitomoter, operated

e o o
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with a slit width of about 1/50 of a dash length. With this
densitometer, drift in the trecing can be severe if the
intensity of light falling on the photocell is below a
certain leval. The use of the enlargement permitted the
use of a relativoly narrow slit without foroing the
instrument to operate in this louw sensitivity range.
Furthormore, since our interest is primarily in the wake,
the use of a negative rather than a positive print
climinates any possibility of drift being important in

the dreaks. The relatively ealouv rate of change of density
in the dash makes the drift problem negligidle in those
regions. The diffusion resulting from the finite slitewidth
has beon noglected in the calidration procedure,

The interpretation of such tracings is not a standard
photonetric problem. In the tracing of a spectrum, for
example, the length of slit is not an important factor, for
the density profile along the slit is essentially t;ats
In the case of the metaeor, the profile is nearly belleghaped
and the densitomoter can record only some average density
over the length of the slit. If the shape of the profile
and the shape of the characteristic curve are known, one
can indeed determine the original intensity that produced
the imags but the procedure would be time-consuming. And
in any case, we have no firstehand knowlodge of the
charasteristic curve. Star images can supply this, but we
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have preferred to by-peass this step in favor of a more
direct method. The usual method (Jacohia, 1949) of meteor
photometry gives us an intensity socale that applies
directly to the meteor images. ¥We can associate a
donsitometer scale reading (which for the reason just
given should not be called a density) with the photometric
magnitude for each dash. For meteor No. 3567 a renge

of about 3 magnitudos exists between the extremes in
intensity.

Traocings wore made with soveral difforent slit
lengths, renging from a length that slightly exceoded the
breadth of the brightest imags to a longth of half this
anounts In esch case a good linear relationship between
scale reading and observed magnitude was odtained. The
shortest width was finally employed since it gave the
greatest contrast in scale readings.

Since the maxima of intensity of the dashes on this
meteor 40 not exhibit flat tops, there is some Qquestion
ooncorning what scale reading should be attributed to
the observed magnitude., In comparing msteor dashes with
trailed atar images, as is done in visual photometry, one
would expect the eye to judge on the basis of an extended
imapge and thus derive some integrated magnitude that was
less than that of the maximum, Since photometry is carried
mcumammomohm_tmnmmow to
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the length of a meteor dash, we decided to accept the value
of the scale reading at the point where the rising and falling
branches of the eoale-réading ourve were sepamfed by a
distance of 1/2 dash length. This is roughly compareble
to aseuming that the individual x'elponsnne for the
photomatry chooses for comparison a star image whose
density would be equal to the density of the meteor if the
intensity causing the meteor image had been smoothed out
evenly over onc dash length. We have not looked for an
exact criterion here, we oan only make an intelligent
approximation. The final results do not depend eriticelly
on our choise in this matter.

Figure 8 gives the results of this calidbration. Tue
magnitudes are absolute photogrephic. The curve is based
on 40 points representing photometric estimates and
densitometer readings on as many dashes. Jacchia considers
these magnitudes to be accurate to within 0%1 or 092 in
regions of moderate density.® The individual points are
compatible with this estimated figure. Depending on
individual prefexfahoe for results ob;dnad byan-
experienced vuual observer or for thoss obcamed»rm an

———

® Jacohia has employed no correction for any reciproocity
law failure that may exist between meteor exposures {-10~3
seconds) and trailed star images {~1 second). We have
followed this procedure here although we believe the need
for such a correction may well exist. The question must be
considered open until more information on the emulsion
becomes available.
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accurate densitomoter necessarily used ineptly, one oan
Justify the accuracy of the other.

For the study of the wake, six dashes (n = 25 to 31) wre
chosen. The meteor shows strong wake in this region. These
breaks do not differ markedly from one another and the
tracings indicate that no stars of appreciable brightness
are superirpossd on the trail. However, we decided to
average the scale readings, rather than intensities, for
these breaks in order to diminish the irportance of any
fainter star imeges that might be present. Before the
averaging process sould be carried out, it was nocessary
to determine soms zero point in each dash tracing. The
point of maximumn light appeared to be the obvious choice
of a well defined poaition on each dbroak, It was found,
though, that the distances betweon maxima did not changs
monotonically. It was rather surprising to find, then,
that the points of minimum light wore separated by a nearly
constant distance and offered a far better choice of a sero
point.

Scale readings were recorded for 26 points, separated
by aqual intervals, in cach of the six break and dash
cycles., Thoee may be found in Table 22, reproduced here
in place of the actual tracings. The homogeneity among
the six breaks will be noted. The last column is the
average density profile. It is this observed average of tie
8ix shutter coyocles that we will attempt to reproduce bty
computations. Curve A, Flgure 9, shows in graphical form
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Table 22
Valuos of Scale Readings for Selected Positions on
Six Shutter Cycles of Metaor No. 3567

Broak No, 26 27 28 29 s 3 (Averege)

Fraction
® [ 4 [ ] .2 [ ] L J ®
s @2 BT ge ¥: I3 21 ED
e 3602 02 aof og oé 3602 037
g fore W7 s 498 i ?33 .
5 42,0 “Bql 43,2 44,9 43,5 42, 43,25
6 2";-3 ﬁi"og 23-; 46,9 ‘503 -é 23.0 ﬁgogg
! B s sies 3 239 S0 1o
.9 0 53,9 552 5842 5740 53.0 55,22
10 58.6 ol o2 &oz 61.’ . 59
11 gaoj gg.g «1 066, ggol 61,0 ggo
12 0 . 6840 7047 6 65,0 15
1 72.3 728 Ti.d4 73.3 718 70,0 71.93
b T8 7562 Thel TReO T3 733 The
15 7660 T6ed 7541 75.8 751 oz TS
g B3 RE g m R
3% 2:3 Tak s s 1 162 s
19 o8 . I «0 6 T3.1 170.12
20 6340 o 'Y 3 0 ° ol .98
2 25.0 o7 5940 610 60,0 o7 58457
22 609 705 .O 5,“ .6 ) 309 21.
gz .z L) 8 3 6olt o Se
22 Be 27 %l o3 wa B3I e
[ ] L [ ] [ J ® ® [
26 .6 36.9 3Toh 30 BT Bz 69T

the densitometer readings as & function of the breakedash
eyole (4n = 1 represents one shutter cycle). The round
top is ocharecteristic of each dash and is not a result of
smoothing by tho avereging process. It should also be notal
that the scale readings for most of theo oyocle lie between
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40 and 75 where the calibration is best determined (see
Pigure 8). This was not a matter of pure chance. Metoor
No. 3567 was selooted from several dozon others for a
variety of reasons. Its low velocity and assumed absence
of train have been mentionad. The appoarance of the
strong wake, well above the photogrephic threshold value,
18 another. A strongsr wake imags oould have been cbtainad
by choosing a meteor in poorer projestion against the plane
of the oky. i1.e., & meteor at a smallor distance from the
radiant, but this would have intensified the probdblem of
correcting for the photogrephic diffusion of the meteor
image into the waks. The present exanple is a compronine
between high density images and low diffusion.
Mmmammhﬁoﬂnwuaormoemdata

originally followed these lines:

(a) Correct, by some means, the intonsity
profile for photographic diffusion.

(b) Find that size of particle, fraegmented
from the meteor, which would cause the observed slope
in the intonsity-lag curve of tho waks, We do not intend
to insist on the validity of the assumpption that particles
of only one size are responsidble for the wake, but o
data are not sufficiently good to determine a meaningful
distribution of particle siges. Thus, the dest approach
seens tO0 bo an attempt to find that one sise which can bdest
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characterise the observations.

(c) In process (b), we have detérmined one of
the desired factors, m,e by fitting observed and computed
elopes of the wake intensity curve, The other uninown,

A, in our basic equation (99) 1s fixed by the integrated
intensity in the wake.

The question of correoting the obsorved profile for
effects of diffusion beoomes, as will be seen, the crux
of the entire problem of meteor fragmentation., For the
firet attempt, we madoe tho assumption that the major part
of tho light of a moteor was derived from the meteorcid
itself and that, consequently, the wake represented any a
small perturbdation on the total light. If this is so, the
maxima of tho dash will represent the position of the
metoor after it has travelod half tho distance of the dash.
These assunptions would predict an undiffused profile
similar to that of Curve B, Figure 9. Ve can use the
difference in intensity between the obeorved and mﬂifl‘u“d
curves at any point, say "a" in Pigure 9, to the left of

maximum light to correct the corresponding point,"a', an

equal distance to the right of maximan light. As a modest
rofinement of this mothod, we have corrected the lo_adins
edge of the dash to a point determined by the wake of the
next cycle, Tho dotted extrapolation of Curve A in Figure 9
represents our estimate of this intensity.
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The resulting curve in the walke, rectified by the
procodure desoribed above, is expressed as Curve C in
Figure 9, It should be clear from the description of
the method of wake formation that such an intensity
distridbution behind the moteor is an impossidbility. At
the time of fragmentation, the particles have thelir highest
velocity, groatest mass and strongost concentration along the
meteor pathe All of these factors act to produce a
constant decrease in walke intensity with increasing
distance from the meteor. Only the air density, 2, oan
act to increase the luminosity and this effect 1s negligible
for particles of short lifetime. We can, by redically
changing our thinking on the wako process, construct a model
to explain this light curve, but we have not found what we
believe to Do a reasonadle modsl. We could, for example,
assume that particles disengage themeselves from the meteor,
decelerute with respect to it, and then fragment into still
smaller pieces. One would prefer much stronger evidenoe
for this complicated technique before accepting it,.

¥We can reduce the extent of the departure of the wake
from a monotonic curve by assuming that the maximum light
does not represent the position of the meteor at the center
of the dash exposure., In this case, thon, we are assuming

that an appreciable frection of the light comes from the wake «

a fraction large enough to shift the center of light to an
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earlier portion of the dash, If this is true, we are no
longer justified in assuming the same excess of light

due to diffusion for points at oqual distances to the left
and to the right of the chosen conter. Or, in other
terme, tho vake is no longer & amall perturbation on the
total intensity and we must dbe concerned with the diffusion
of jts luninosity. Nevertheless, if we were to find that
this effect 18 amall (but not negligidble), we might
conclude that the simplified diffusion ocorrection used

up to the present would supply at least a good first
approximation,

To test this, several rectified wake curves were
computed on the assumption that the conter of the meteor
would dbe found at scme point to the right of maximm light.
Centers were chosen at the points marked d and e, The resiting
rectified wake curves are given as Curves D and B, Pigure 9,
Only when the maximum intensity of the wale approaches that
of the meteor do we find a curve that might represent the
intensity of fragmented particles. We must approach the
diffusion problem in another way; we cannot think of the
wake as producing an amount of light very smell corpared
to that of the meteoroid.
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The general diffusion eguation,

p(x) = ( £(xe¢) glc) ae, (200)
-0

relates an obgerved function, F(x), with an (undiffused)
function, £(x) through an error function, g(<) whiech 4in
this case will be a measure of the degree of photogrephic
image spreading - as caused by aberrations, turbidity of
emilsion and gseeing « and of the smoothing effect of the
finite width of the densitometer slit. To a firet
approximation, the intensity curve derived from & tracing
of a star image may be used as an error function. Several
stars noar the moteor treil on £1lm ST 945 were traced with
the same slit emplcyed for the moteor, These imagos show
a certain amount of trailing but this doos not affect the
results if the trmcing 16 made with the slit lying parallel
to the long axis of the star image.

Because of the ocharacteristic of the reciprocity law
fallure for the Xe~Ray emulsion, we camot use the same
calibration curve for meteors and for stars. The Eastmane
Kodak Company has supplied us with the reciprooity failure
ocurves for densities of 0.6 and 1.,0. Assuming these
points lioc on the straight line portion of the HeD ocurve,
we can urite

D=Y) (log It = log 1) (101)
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and solve for the inertia point and the slope at various

exposure times. The results for the two cases, representing

approximatoly the oxposurc times for meteors (~0.001 soc)
and for tracked stars (3 minutes) are found in Table 23,

Tadble 23
Effact of Reooiprooity Law Failure on the Characteristic
Curve of Xe-Ray Bmlsion

Exposuro time (secs) 1023 1095
Density | log It (MCesec)

0.6 ®1.36 1,75

1,0 01,00 <1.44

Y led 1.3

1@  § ©1,90 2,22

To interpret the density readings obtained from the
star tracings, we shall use the ratio of ))fme to correct
our calibtration curve, Figure 3, Since we wish to
nommalige the stareintensity profile, we noed not oancern
ourselves with any more nearly absolute intensity units.

The normalised profile of the star, as a funstion of
distance moasured on a scale of 1 = bdreak-dash cyocle, is
given in Column 2 of Table 24. This observed curve can be
quite well ropresented by an error function of the usual
form,
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glé) = # ol € (102)

1f wo choose the disporsion paremeter to be

h = 035
This oorputed funotion 16 given in Column 3 of Table N
for comparison.

Taedble 24
Observed and Camputed Intensity Profiles for
Point Source Images

Distance from Computed Computed

Image Center Observed (h = 0.35) (h = 0.175)
0 «198 +198 +098
0.025 178 o175 .&
0.,050 «110 121 .
00075 .ﬁ .% 0076
0.100 . o024 «061
0.125 «015 +009 .
04150 «007 «002 033
0.175 001 »000 022
0.200 0 0 <014
0.225 (o] 0 «008
0.250 0 0 «005
0.275 o 0 <002

We have stated that the star imags profile is a good
first approximation to the error function, in that a pointe
source profile should properly account for most of the
aiffusing elements of the image and trecing. It fails,
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however, in one respect. Meteor inages on the Super-Schmidts

lm noticeadly out of rocul cm to ntar images, because

of the color dztl‘emeo. Ithubeontwnd thatonecsn
dupnoate the chnmter of meteor images by us:ng tralled
star imagos that are obtainod with the focal length shortened
by about 25 to 100 microns. Using the known angle of tho
beam at the foous of this £/0465 mﬁem.necanobmnamr
ostirate of the increased dispersion resulting from

improper focus. Although the camore 18 capable of produoing
star images of 15 microns, under f101d conditions of changing
temperature and inoxast focal sottings, somewhat larger
images should probably be expected, We have assumed thenm
to be 20/s A change of focus of 254 would then almost
double the image size. Such a 1ine of reasoning has led us
uedoptmemrmum.wmmmrm,orﬂn
seme analytic form as that obtainod for the star but with
the diffusion modulus, h, equal to half that of the stare
It 1s A1£0icult to estimate the error that might be expected
in such an approximation. Using an outeofsfoous star image
might seem to be prefereble to meking the assumption concerning
the form of the error curve, Then, however, we would need

a corparison of the characteristic curves of the enlarged
negatives of both the meteor photogreph and the outeof=foous
star photograph, In the absence of any real intensity
standards on the star plate, it would be necessary to assume

_,,.A/j! -
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that the two photographs had been treated identiocally in
mmmmsumwmtmumomamm
final enlargement. The alternative assumption, as used,
ottherqmortmemrcumdoeomtmeohew
less satisfactory. The uriter feels that any estimate of
b for meteors between the values of 0,10 to 0.20 could
be justifieds If, instead of h = 0,175, we used twice
this value for the diffusion parameter, we can still find
a particle sise that will reproduce the observed intensity
ocwve. In this case, :!;o particle size 18 less than an
order of magnitude larger than the mass we shall show to be
most acceptable.

Using h = 0,175, we obtain the error funotion for the
diffusion of tho moteor intensity as given in the fourth
colum of Table 24, This error funotion is the one that will
be used in the solution of equation (100).

Ouraecunatmttocomc't for diffusion was also
abortive. Wo used a mothod due %o Opik and describod in an
unpublished manusoript by Bok and de Jonge (see also
de Jonge, 1954). Pirst we "diffuse” the observed funotion
curve, odbtaining

P(x) - (o) st ae,  (om)

and then correct the odserved function to obtain the true
function by the eguation
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£(x) = P(x) + [!(a) - F'(x)] . (104)

This is tantamount to the assunption that successivo
applications of the diffusion eguation will yield the same
change in the ordinate for any given x. Bok and de Jonge
showad that more refined methods were nocessary when tho
distribution was skew, as is ours, But more important, such
& method must fall whon the diffusion is not reasonadly
emall, The application of this mathod to our functions
resultcd in some nogative intansities for the "true" function.
Other logical inconsistancies, related to the ratio of the
intensity in tho wake and in the dash, demonstrated
conclusively that we had oversteppod the bounds of
reasonableness in attempting to apply the approximation.

Before ocontimuing with the third attempt at correcting
the diffusion, let us return & moment to our first method.
We wore led to that approach not only by its sirplicity,
but also by a preconceivaed notion that all meteors produce
oost of their light by atomic adlation directly froo the
notooroides The first approach has shown that at least a
nodest fraction of the light arises from the smaller wake
particles. Our thirxd approach, thon, will start from the
assurption that all of the moteor luminosity is produced
by the wake particles. This, as it happons, 18 a detter
firat approximation, and will make it casier to produce &

_i
e
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second approximation. The greator flexibility results from
the independent dotermination of the diffusion function. We
are no longor requim'that the data from the meteor trail
alone supply all of the answers,
lat us cutline the mothods
(a) we first campute, by means of equation (99),
the linear intensity,{, as a function o the
lag, 48, due to particles of some given
initial nass, mye
For convenionoe of explanation, we will
express the lag, 48, in terms of a fraction
of the shuttor cycle, n, by means of the
relation

n=60%. | (105)

where the figure GO represents the mmber of
shutter cycles per sacond.

(b) Our computations in (a) do not lead to a
quantity that vo may observe directly on a
metoor photogreph. In essence, (a) yields
an intensity distridbution as a funotion of
distance bohind the moteor; this is what we
would photograph if an infinitosimally short
exposure were made of the meteor. The actual
oxposures are not of this nature and we mst
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account for the “smearing® causod by

tho motion of the meteor during the

poricd of timo the shutter 1s open.

As a particular oxample, the intarsity

we photograph at the point where the

dash and the walee join 18 dus to the

sun of the intensity at this point and

&t all parts of the walee behind it that
will, as a result of the meteor's motion,
reach this point in space before the shutter
closes again. Since the shutter remains open
for 1/4 of a aycle (4n = 0.25), wo must
intograte the linear intensity over this
distance. This, stated analytically,is

an = 0,25
Ian -=o‘-'§‘n o L8, (106)

or, for the general case,

An + 0,25
X, =3 Ldds.  (107)
an

These results are obtained by plotting ( as a
funotion of An and by measuring areas with a
planimeter. It will be noted that the part
of the oyclo in the dash (=0,25< 4n< 0)
receives part of its contribution from the

S
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(e)

(a)

(o)
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wake in the noxt oyclo.
Using the true function obtained in (b) and
the error function derdived in Table 24, we
apply the diffusion equation, integrating
by quadrature to obtain a computed function
that may be compared with the observed curve.
Primarily, we are attempting to find a
computed curve whoso slope will match that
of the obgerved curve in the region of the
vako. Howovor, sinoce cur first approximation
calls for the entire light to arise from
the wake, the comparison of (c) with the
observed funotion should be made with the
maxima of the two curves superimposed. A
smell relative ghift between these ourves
could be compensated for by the addition
of some light produced by the meteoroids
Lot us assume that we have found the
proper value ormotorietheslope of the
corputed curve to the observed curve in
the region of tho wako., In order to make
the curves match with respect to their
total intensities, we may adjust iy, in
oquation (99). And, of course, we will at
the same time be adjusting the magnitude of
the computed curve in the region of the dash.
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Vo require that the computod curve should not

ocontain a greater integratod intensity than

doas the observed cwwve in tho region of the

dash, Allowing the meteoroid to produce

no light is a savere aenough change in our

| thinking == wo oannot expect it to produce

: nogative light,

| (£) Wvo should expeot, if our reasoning and
caputations arg correct, to find some
valuo of m, that tatiafies the oritoria
of slope and intensity. Such & particle siso,
ataslmﬁp.umpmememam
part, if not all, of the intensity wo seo in
the dash. Whatever nocded intensity the
particles fail to supply to the dash, wo will
maleo up with light from the metooroid., It
will then dbe necessary to mecopute tho
distribution through the diffusion equation,
and to add to the true intennity in the
dash that which 18 due to the metecroid. If
this addition is small, one would expaeot the
socond approximation to boe sufficient.

This, thon, 15 the procedure we have been forced to
adopt. llathomatically speaking, it i1s not as nioce as the
previous methods. We must perform the ccoputations noeded
to Yaiffuse” the rosults of light curves for many different
particle sises, In the firet trial we used & value of B, = 1070

£=\
14
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grams, Curve "AY of Figure 10 is the carputed (undiffused)
intensity curve for the wake particlss, given as a funotion of
an, We have adjusted the amplitudo of the curve by

~uam1ngam1uaor%uh1chemmatmmtemm'

intensities of this computed curve and of the observed
ourve, markod "C", Curve "B" is the computed curve diffused
by tho error function. The corputed curve, in the wake,
falls below ths obsorved curve. If we force them to matoh
by :.ncmaunsm’, we will inocrvase the total amount of
light produced by the particles to a value exceeding the
total light observed. Consequently we must adjust the
partisle sgige.

There might be some quastion as to the direction in
which woe choose to make this adjustment, If we consider
the two extreme cases in which: (a), the meteor adlates
the smallost particles poesible (atoms), and (b), meteor
ablates the largest particle possible (meteor breaks into
two equal pieces), we see that both cases lead to sero
wakeeintensity. Between these two oxtremes, then, there
must be scme valuo of m, which produces a maximum of wake.
The familiarity with the equations, gained in the first
calculation, 18 sufficient for us to rcalise that in the
present casc we need an inorease in the aise of the

particles.
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Figure 10 Computed Intensity Distribution

for Wake Particles of mo = 10-8 grams.
A—-—Computed (Undiffused)

B----Computed (Diffused)
Observed
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The results for m, = 10™° grams, treated in the seme
fashion as above, are found in Pigure 16, The £it of the
observed and corputed curves is extremoly good. Note that
in this case the entire luminosity can be attributed to
the fregmented particles. Before discussing this result,
we will present, in Figures 12 and 13, the results for
8t1l11 larger particles, m, = 107> grame and m, = 10°* grens,
In both of those casos we can odbtain a satisfastory agreement
with the obsorvatiomal curve by a proper choice of ﬁp and
Ips tho intonsity produced by the unfregmented metoorcid.

It is probadble that agrecment could be irproved somewhat
for all of the last three cases (m, = 107°, 10"5, 107
byamomMaelectmortheemﬁpmxb.
The nature and quality of the data malee such refinements
meaningless. We may considor that any one of thess three
results £it tho obdservations.

The preceding analysis has supplied us with a lower
limit to the particle size that may de used to describe the
meteor wake. Particles smaller than 100 grams canniot
reproduce the light ocurve of the wake without exceeding the
total luminosity of the meteor. The upper limit is not as
clearly defined. PFrom the data presented so far, we might
prosumo that particles of 10"> grams or even 10™2 grems could
satisfy all of the observed luminogity oconditions., However,
we will show that such partiocle sises would not be
consistent with the imown duration of tho meteor.
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Figure 11 Computed Intensity Distribution
for Wake Particles of mo = 10-6 grams,
—-~—Computed (Undiffused)

----- Computed (Diffused)
~———Observed
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Intensity = 10 —0.4M

1.20

Figure 12 Computed Intensity Distribution
for Wake Particles of mo = 10~5 grams.
«—-—Computed (Undiffused)

Lower Curve=Wake Particles Only.

Upper Curve =Wake Particles Pius Meteoroid.
—————Computed (Diffused)
Observed
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1.10 Figure 13 Computed Intensity Distribution
for Wake Particles of mg=10-4 grams.
—~—Computed (Undiffused)
Lower Curve=Wake Particies Only.
Upper Curve=Wake Particles Plus Meteoroid.
1.00 |- —=——~Computed (Diffused)
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Depending on the mess of tho wake particle, & certain
amount ott:mu memmmmcloeolaswm
the meteorocid sufficiently to produce luminosity in the walm,
Flgure 14 18 a plot of the mumber of bdreaks (n) after
fragmentation traveled by the meteor before particles of
initial usemomgwm = Ou@5+ The dotted pection of
the curve i3 an exponential extrapolation. |

Wake beoomes cbvicus in this meteor by the position
n = 14, If we uere to choose & particle sise ofxq,,:lo'a.
this would require that an appreciableo fragmentation should
have taken plase before the meteor was visible. Since most
of the light of the wake particles is expended at a point in
or near the dash, the moteor must be visible as scon as it
fragmonts a sufficient amount to produce walo (unless, of
course, the fregmentation occurs at heights so great that
tmmm:wnmxwrwmmmuumtowe
place). Consequently, we mey sot an upper limit of about
10~% grems on tho particle size that may be used to desoribe
the vake. In this case, the fragmmts &till produce a largs
anount of the total 1ight produced by the meteor.

Additional informetion may be utilized to assist us in
making a cholce of the particle lile that should de attributed
to the wake., PMirst, we may use the value of O measured dy
Jacchia for this moteor (see Table 21) to determine a
reasonablo retio of the area of tho meteoroid and the total
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FIGURE 14 TIME REQUIRED FOR FRAGMENT
25— OF MASS m, TO ACGUIRE A LAG OF n= 025
(METEOR NO. 3567)
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area of the wake particles. We have already derived
(cquation (25), Chapter I) this relationship for a matcor
fragoenting in the manner we have assumed for these
caloulations. To acgquire an estimate of the expected value
of «oba' woe may ugse the ratio of the luminosity caused
by the wale particles and the mgtooroid to represent
the ratio of tho arcas of the walo particles and
mateoroid,

.5, (108)
Rb Ib

This would de valid if all the waltc particles possessed the

same velocity as the meteoroid; then total intensities would
be proportional to total area. Since the particles produce

most of their luminosity when thoy are moving at velocities

essentially equal to that of the meteoroid, equation (25)

i8 & very good approximation.

We will also neglect the correction to oébo noeceasitated
by the use of too great a mass in equation (13) (sce Chapter
I, page 18). Wo might estimate that these two effects,
taken into account, would serve to increase the value of
o obs by less than 25 percent,

Table 25 gives the valuo of O, predicted for oach of
the three possible sizes of wake particles, This value is
based on the asmrption that the true value of < is

-
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Table 25
Paramotors Derived from Computations Performed to Determine
tho Sise of Wake-Producing Particles

Initial aiso of particle
(arans * 10" 10 105 107V
Rate of mass ) by
tation, 25 360 369 b7

( sec)

Luminosity produced
umuywmeteomzd. I, (KO) o0 .253 .366

Ratio of luminoceities

of wale particles and owsee OO0 : 24
mateorold, x,/i: 39
rmn of 108

?mﬁllﬂ“%r oo oo "1103 _-n.S

0-9)

“(ﬁ)’.mmmuwmnm. We have
also sumarised the other important quantities derived from
the caloulations. Theso results tend to substantiate the
proviocus conclusions on the dbest partiocle sise and, indoed,
narrow down the limits of acceptability. The particle sise
best suited for reproducing the wake phonamena would appear
to be between 10°6 and 10°5 grems. It 1s interesting to note
that this value agroes extremely well with those deduced
by Smith (1954) for meteor flare particles, Since the
ballistic constants amployed by Smith agrec closely with
Ours, wWo may oconpare masses directly. His average value,

for 27 deterinations of 14 flaros, was 5o10"6m.
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At the time Smith did his work, the concopt of very fregile
moteors of low density had not been fully developed. The

only foasidle explanation for flarcs at that timo was one

of molten droplets shedding from the moteoroid. If, however,
meteors are of such low densities as we now dbelieve, there

appears to be no esoape from the conclusion that thoy are a
matrix of materisle How clse shall we form a metaor, which

we know ocontains heavier eclements, unless there exists a
considerable amount of empty space in the bdbody?

If surface melting cocurred in a body of this sort,
one would oxpect tho molten material to flow into the
interstiocss. 7This, coupled with the apparent pregsure
frecturing of the abrupt meteors (Chapter III) make it
scem most likely that all moteoroids fraegment solid
particles from tho surface.

provious discussion to inspect scme broader agpocts of the
wake phancmenon. The reader should bear in mind the various
inadequacics of the data that yislded the particle sise. In
particular we wish to emphasise our provious remaris
concorning tho distridution of fegaont sises. Tho sssurption
that one particle sise is responsidle for the wake phencmenon
is almost ocortainly wrong. On the other hand, the faot
that we can fit the obdbeerved and ocorputed curves to within
the error imposed by our ignorence of the diffusion
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function shous that a more complox distribution function
is not justified. Any other hypothetical distribution
that containod an appreciable mmber of particles smaller
than 10~ grams would also prosuce a large intenaity in
the region of the dash, Our previcus qualitative discovery
that the majority of the luminosity is produced by fragments,
would not de alterod,

We shall first use our knculedge of the fragnont siso
to study tho offect of the meteor velooity on the presence
of wale, Our observations (page 63) show that wake is more
pronounced, in general, for lower velocity meteors. This
obsarvation is casily underetood, in a gqualitative faghion,
i1f the walee is assumod to be composod of amall fragmonts whos
initial sise 18 indopendent of the velooity of the metoor,
The higher the velooity, the greater the deceleration imposed
upon these particles. Then at any given lag, an, the
particles from the faster mcteors will have lost relatively
pore of their welocity than have the low velooity particles.
As a consoQuance, their luminosity at this point will de
relatively less and the wake not as pronounced.

This result has deen guantitatively verified for
hypothetical meteors at velocities of 15 and 35 lon/sec,
as well as for the previous case where vy = 26,6 knm/sec.
For the case, Vy = 35 lm/sec, we must make somo allowance
for the error caused by the false assuption that all
particles producing the walke at some point are released from
the meteor at essentially the same hoight. The ocomputations
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will show that tho meteor will docrease in height by
approximately 8 (1 scale height) bsfore a particle can

-acquire & lag of &n = 0,5, UWe camot, then, use tho same

intansity-versuselag relationship for the luminoceities at
the boginning and at the end of a break. Mrthermore,
uemymmrmoctehatﬂ»uteotmuum.%.
will remain constant over the time require (n = 15) for the
first fregmented particle to de retardsd by &n = 05 In
order to estimateo how this rate will vary, we need not lnow
the exaot process by which particles fragment, dut we may
assune that the rate will be proportional to the area of
the meteoroid, Since our calculaticons have been for the
beginning of a meteor trail, where tho area changes slowly,
we may negloot the aeffect of changing area. Whether the
detachment of the particles results from crushing due to
mMcmmm}ov’).wtommmtmto
mmmmatmmmewwmso&).
we should expect tho mass 1088 to increase proportionally
mmwmmmmm/. The velocity change
of the mateor between n = 0 and n = 15 will not exceed
several percent and may be noglected, Thus, wo may plausidly
estimate that the mass loss would increase in these
circumstances by & factor of e, the ratioc of the donsities
atlwig\tlmtodbytmwe. Actually, this
choice of the mass 1loss may be considered to de diotated by
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obsorvation alone. 7To a good first approximetion, the
light curves of most meteors are predioted by the usual
| nass=1088 and intensity oquations, which are based on the
’ assuzption of atomicsblation from the meteoroid. Sincs the
frogments themselves are ablated in a fairly short time and,
indeed, produce moat of their light in a very short time,
the introduction of the intermodiate step of fragmentation
will not alter the goneral shape of the light curve if
the fragmentation does not ocour very much more repidly then
the ablation of the fragments.

Consequently, for the case of vg = 35 lm/acc we hawe
corputed the linear intensity versus lag curve (equation
| for the two initial oonditions of /4, and 2.3 /3 with the
mess losses of f, and 2.3 &), respectively. Intensity
curves ware drasn for both of these., We determined the
intenaity to be expected for the actual wake by setting
the wake intensity in and near the dash equal to the
intengity derived from particles detached from the meteor
at the dash (n = 15), while the wake intersity in the
break (4n = 0.5) was set equal to the intensity derived
fron particles detached from the meteor at n = O, Por
othor values of n, & smooth curve was drawn, going in
transition botwoen these two extremo cases. The initial
wc.mmwp,.ummmwmmerw
faint peteors of this velooity. Cos Zy has been talmen as

— #-
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0.717, which corresponds to the obsorved valus for the cuse
at v, = 26,6, corputed previously.

For tho case v, = 15 km/sec, the change in height of
the meteor 415 amall over the time required for the partiocles
to show an approciadble lag and the extenaive corrections
applied above were unnecessary, Also, the initial hoight
chosan for this socputation is the avorage bogiming hoight
twwtmmdmwww.cmznmtwnnum
same valuc as tho one used for the caso of v, = 35 km/sec.

Computations for the case Vo = 26.6, have alrvedy
been made in connoction with the previous analysis of
metoor No. 3567, These results apply to particlos detached
from & moteor at & point 3 km lower than the averege
beginning height of motoore of this velooity.

Figure 15 showa the expected intensity in arbitrery
units in the ocourse of ono shutter oycle for the three
casss, For couparison we have normalised theso curvas 8o
that tho total intensity in the dash, =0.25 < 4n < 0.0, 18
the samo for all cases. It is intoresting to note that the
difforences in velocities here have very little effect in
changing the shape of the intensity curve in the dashes.
Those difforencos that do exist aro of the order of a fow
peroent, and no attempt has been made to illustrete these
dopartures from the moen dash curve displayed in Figure 15,
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Figure 15 Velocity Dependence of the
Light Intensity in One Shutter Cycle.

(For Wake Particles of mg = 10-5 grams.)
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It 18 olear from this figure that wake should be
expected to bo & lowsvelocity moteor phenomona, as observed.
Throo additional factors, not indided in the calculations,
modify the preceding results, Our ocbservational data are
entirely visual, and to make a fair corparison wo should
take into asocount the fact that the eye is capable of
detecting a faint and long inage as oasily as it deteots
another image that is brighter but shorter. Since, in
general, the fastor metoors produce longer dashos, we should
expoct that this effeot would partly overcoms the ability
of slower metoors to produce a visidbly detectadle luminoeity
in the walto, |

On the othor hand, we have compared the undiffused
thooretical light curve and our cbeorvations are besed on
aiffusc images. With this correction applied, the shorter
images produced by the slower meteors will have the advantage
that a greater portion of the dash luminosity is daiffused
into the broak.® This factor will cortainly outweigh the

Y o » » m y
wzmwmwmmummmmmwmm
tracings of such trails. orm:houaduh
profile on the samoc nshmeastm
plotted 4in 15, mum-m.mmzm
the point &n = 0, decreasing by as mxh as 0.5 magnitudes
the = 0sT5e This confirms our supposition that
luminosity rosults from small particles.
Al®o, it demonstrates the pover of the densaitomoter
technique == this changes in intensity ocan not de detected by

P i
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visibility argumant and will inorcase the probability that
wake may be dotected for low-velocity meteors.

Finally, we have also seen that higheveloocity moteors
mst persist for a far longer interval of time for wake
to be detoctod. Por example, if our hypothetical motoor
of 35 lm/ses veloocity had had a lifotime of 10 dashoe,
1little vako would have dadn observed, since even those
particlea that fragmented at the motoor's deginning would
have boen retarded only by an amount &n = 0,16, On the
other hand, a moteoi* of 15 kn/sec under the same conditions
would have wale particles at &n = 0.54.

On this basis ono would axpect that the obsorved
distinction in tho wvelocity of walseproducing meteore would
diminish if one ware to obsorve brighter metecrs of longer
duration, Such 18 indeod the casc: essentially all long
meteors display wale, independently of their velocity.
Howover, this fact may de explained just as easily in torms
of the increased sime, and consoquent inoreased mass=1088
and luninosity, of the longer moteors.

E. Jerminel Blending

Contimuous fragnentation of meteors wherein all or
most of the luninosity arises from small particles offers
a simple and satisfaotory explanation of some examples of
torminal blonding. This elongation of the final dashos wes
reported by Jacchia (1954) to occur in approximately one=thimd
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of the 137 long maoteors analysed. In these cases thore
was no good correlation with eithor velocity or brightness.
Our own results show that this phenomenon does ocour more
froquently with lowsvelocity moteors.
The light curve of & meteor with blended dashes
often shows no abrupt variations from that of a normal
netoor,; although the blendad seotion 1tsolf 4s oharasterisod
by a nearly constant intensity, at variance with the ending
of a normal motoor. Blonding is most often soon, in faint
metoors, for two or three dasheos, dut in extreme cases it
has boen visible for an ostimatod 50 dashes. More often
than not, metoors that displday a wake are not blendoed,
utumamxmm.wtthmm
disoontinuities in the 1light curve, as it ncars the end
of its trajoctory. If it has beon fragmenting particles,
we may or mey not detect a wako, deponding on its velosity
and duration. At this point in the meteor's path, the rato
of fragmentation will decreasc rapidly due to tho decrease in
aros and, as & consequonce, the luminosity in the rogion of
tho dash will de reduced, However, the luminosity in the
wake may be relatively high, since it results from the
far larger mmbor of particles that were fregmented whon
the meteor area was appreciably larger. When the luminosity
due t0 smaller muber of larger mansas oquals the larger
mmber of smaller nasses, wake and dash will be
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indistinguishable and terxminal blending will be presont,

In those cases where torminal blending occurs suddenly
without any provious waks, this approach appears to fail,
or at least to require the very special case of wake
bocoming appreciable just as the moteor ends its trajectory.
Howover, this explanation does overcome the difficulty of a
previous suggestion in which it was assumod that the meteor
suddenly esrumblod near the end of 1ts path, into many pileces
of comparsble size, Such an overall fragmenting would reslt
in a burst of luminosity, which 18 not obeerved,
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" The problem of meteor fragmentation 1s not a new one.
large meteorites have been observed to buret in flight and
often a meteor fall will consist of a shower of bodies
which are apparently due to the fracturing of a larger body.

Howeves, our concern is not with the massive meteorites,
but rathor with small meteors whose maximum intensities
rangs from +3M to F'magnitude, An immonse amount of
nmaterial has dbeen gathered on such objects within the past
fou yoars through the use of the now Baker Supere-Schmidt
metoor cameras.

™0 of these instruments, separated by about 18 miles
aro used to photograph the same meteor. The cameras are
equipped with rotating shutters that ocoult the meteor
trail at known intervals. Froo such photogrephs, the
intensity, haight, valooity and degcelieration of tho metaeor
may be determined. Using the classical metaeor theory, one
may either (a) solve for the dansity of the atmosphere from
the Jmown deceleoration or (b) assume the density to dbe known
and dotermino those constants, ocourring in the equations,
for which ue have only estimated values. In reocont yeasrs,
since the advent of the high altitude research rocket and
the resultant increase in knowledge of the upper atmosphere,
the meteor astronomer has tended to take the second appiroach,
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Investigations by Whipple and by Jacchia have shown
that the average meteor photogrephod in the Harvard program
must be quite a different object from the meteorite. It
scoms entirely likely that the objects are of extremely
low density -« less than that of water. PFurthermore,
the charascteristics of the light ourve of the méteor and
of its dynamic behavior in tho atmoephere can only bde
explained in terms of a fragmonting body.

Because of tho high accuracy of measurement required to
detormine docelerations, only a small percentage of the
photogreaphic material has dbeen reduced. We have developed
8 rapid grephical mothod of meteor trail reduction in order
to asquire a greater body of data with which to study
statistical aspoocts of the faint metoor phencmona.

Reasonable estimatos of the mean errors in the camputed
heights and velocitios are, respectively, 3 percent and 5
percent.

Results for about 1000 meteors are included in this
discussion. In general, these moteors represent a homogeneous
group in terms of apparent maximunm magnitude. Consequently,
all meteors of a given velocity group are ropresented by the
samc mass. It 18 to be expoctad, on the basis of the
present metecr theory, that such a group of meteors of
the sams velocity and mass should appear at the same height.
It is found that the beginning hoights for meteors with notrmal
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1ight ocurves can be well represented by the relationship
v = constant where O 1s the atmosphoric density and v 1s
the meteor velooity.

Among the motoors studies, a group of lowesvelooity

" metecre comprising 13 percent of the total are peculiar in
the sense that they display an abmupt rise of light at the
beginning of the trail. A typical meteor of this group
will riso from bolow the plate limit to 1 magnitude above
in less than o4 sec. The shutter broaks often become
invisiblo at the end of the trejectory (temminal blending).
Both af these phonomena can be explained by & sudden incroase
of the effective surface area of the meteoroid by fragmentation
into a mumber of smaller pleces. The differential
deceleration of fragments of different sizes cause the
neteoroid to spread along tho traeil and obscure the shutter
breaks.

Meteors of this group do not obey the <vJ = constant
lav for begimning points, However, the point at which the
burst takes place can be desoribed in torms of a constant
value of the dynamio pressure, ov2 = 2,5+10° dynes/sq cm
(0,02 atmospheres). Quite likely we have here a measure of
tho weak erushing strength of meteoritic material.

The height oorresponding to the observed value of ov>
is greater, at all moteor velocities, than the hoight
corresponding to the observed ,ova value. Consequently,
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if the above hypothesis 18 correct wo should expact to
find occasionally a8 highe=velocity meteor that first appears
normally at tho proper value of Sv> and then shows a
fragmentation after its trajectory has carried it into the
range where ocrushing may talke place. In 1949, Jaschia
reportod 7 axamples of highevelooity meteors that displayed
an abmpt inorease in luminosity some time after their
appearance. The average value of Av2 at the point of
discontinuity of the light ocurve agrees with the value
obtained for those lowevelocity metaeors of this study
whieh obey the ove lau.

The moteor wake has also been studied in sowe detail.
T™his phenomenon is charecterizad by a considerable amount of
luminosity in the shutter breaks of the meteor trail, A
study of those meteors reduced by the grephical method shows
that walce ocours predominately in lowevelocity meteors. We
have also been able to show, conclusively, that the pereistont
trains are produced almost entirely by meteors of high
velocity. Thus, it appears to be almost a certainty that
vwe must require some new prooess to form the walke. Jaocchia's
concept of the continuous fraegmentation of meteors ofifers
an obvious starting point.

Ve assume that small particles are detachod from the
meteoroid and docelerate with respect to this parent dody,
thus causing the luminosity of the meteor to extend over
& considerablo distance at any given instant.
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Such an assumption is sufficient to reproduce the
observed wake but also necessitates that a large frection
of the lightin the meteor be derived from the fragnents
and not the meteorcid directly. This is consistent with
the obeserved values of the ablation constant, o and with
our observations showing the wale to be most noticeable in
lowevelocity mateors.




